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PREFACE

The economy and emissions of automotive internal combustion engines

depend on many operating variables. These variables are not always

maintained at the best possible values, partly due to the inability to

design and manufacture to these values, partly because the initial design

did not account for all of these values, and partly due to degradation

with time. The need for more accurate fuel/air ratio has been particularly

acute for acceptable operation of three-way catalysts. However, there

are other incentives for more accurate engine control. It has been

reported that fuel economy degrades as much as 14$ in 12,000 miles and

that changes in the fuel/air ratio and spark timing are the major sources

of the efficiency loss. Even larger deterioration has been reported

for emissions. Environmental effects and fuel characteristics have similar

impacts.

In present day engines, fuel control and spark timing are done by

open-loop devices that are based on engine speed, throttle setting, and

perhaps temperature. Closed loop control is based on engine measurements

that are more directly related to the quantity being controlled and hence,

are more accurate and less sensitive to disturbances.

The objectives of this research are:

1. To develop an automated dynamometer facility for mapping and

optimization studies of typical automotive engines.

2. To design a particular closed-loop control system which will

maintain optimal operation of the engine over a wide torque and

speed range regardless of mechanical degradation or external

disturbances. The technique used is to maintain cylinder peak

pressure near its optimum value by controlling spark advance in

a closed-loop system.

3. To generate trade-off curves between optimum fuel economy,

evaluated for a given emissions level, and various levels of

emission constraints.

4. To investigate appropriate engine models.

The dynamometer facility was completed and used to acquire engine

data at 730 test points. These data were used to generate analytical
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functions describing the fuel consumption and emissions at each of 10

torque/speed points using least square fitting procedures. It was found

in the process of arriving at these functions that individual fits to

data at each torque/speed point were superior to a single global fit

valid at all torque/speed points. The functions were used by an optimi-

zation procedure to arrive at control strategies and driving cycle pre-

dictions of fuel consumption and emissions over a wide range of emission

levels

.

The optimum schedules were then used to determine a closed-loop

control strategy. This control was evaluated for driving cycle conditions

and found to yield a 2$ improvement in fuel economy over the open-loop

control when the relative humidity was 75$ at 90°F. It was also found

that the closed-loop spark advance control based on cylinder pressure was

more difficult to implement under conditions of heavy spark retard for

emissions reduction.

Results of the research have been presented at technical conferences

attended by automotive industry representatives. Because of the pro-

prietary nature of development efforts within the industry, it is not

possible to determine the extent to which these results are being utilized.

However, the Holley Carburetor Division of Colt Industries Operating

Corp. has obtained license rights to the spark advance controller from

Stanford University, indicating a serious interest in this aspect of the

research. Further, the introduction by the industry of closed-loop air/fuel

ratio systems and the knock adaption by Buick is an additional indication

of the importance to the automotive industry of closed-loop control

concepts.

The research has demonstrated the benefits of closed-loop spark

control under nominal and off-nominal humidity conditions for a 4 cylin-

der automotive engine. Other effects such as manufacturing tolerances,

time degradation, altitude, and air/fuel ratio will likely have similar

effects than humidity. It is estimated that fleetwide average benefits

will probably be on the order of 2$, or 3^ for spark control alone and

on the order of 5$ for a complete closed-loop control system for spark,

fuel, and exhaust gas recirculation.
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I. INTRODUCTION

A. BACKGROUND AND RELATED WORKS

Fuel consumption and emissions levels are known to deteriorate in

time due to mechanical wear and external disturbances. An idea of the

size of the deterioration can be obtained from a few recent surveys. A

survey done by NHTSA [B-4] found that fuel consumption, HC (hydrocarbons),

and CO (carbon monoxides) can go down as much as 11$, 22$ and 12$

respectivel y after a tune-up.

Higher improvement in HC and CO of 45$ and 60$ respectively was stated

in [W-l] . It was found that 40$ of one year old cars do not meet HC

requirements, and 50$ do not meet CO requirements, with these numbers

deteriorating quite fast for older cars [C-3] . Changes in ambient condi-

tions and manufacturing tolerances also cause deterioration in engine

performance. Wrausmann and Smith [WR-l] report a 259$ increase in CO,

45$ increase in HC, and 22$ decrease in nitrogen oxides (NOx) emissions

when an automobile calibrated for sea level atmospheric pressure was

driven to Denver.

Ostrouchov [O-l] reports the effect of very cold inlet air (~4°F)

on engine emissions and fuel consumption. Depending on the emission

devices that were installed on the engine, HC could go up as much as

4 times, whereas CO could go up 3 times and NOx could double. Fuel con-

sumption could increase by 10$. Similarly an increase in ambient humidity

also raises fuel consumption [PO-5].

The emissions constraints imposed by the federal authorities have

been continually tightened. For example, the 1975 requirements of HC/CO/NO

of 1.5/15/3.1 gm/mile will be replaced by the 1983 requirements of

0.41/3.4/0.4 gm/mile. Therefore there is a great potential for improve-

ment if feedback methods can be employed to control engine operation to

maintain optimal condition.

Most of the spark ignited internal combustion engines of today's

vehicles are controlled in an open loop fashion. The controlled variables

are the spark timing (SA)
,
air/fuel ratio (AF) and the portion of the ex-

haust gases recirculated through the intake manifold (EGR) . Spark timing
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is determined by engine speed and inlet manifold pressure. Air fuel ratio

is determined by the throttle setting and the inlet manifold pressure.

Whereas the level of EGR is determined by the exhaust pressure and the

intake manifold pressure. This calibration cannot compensate for any

deviation from a nominal scheduling. A closed loop system based on

engine measurements which are more directly related to the controlled

variables is likely to reduce these effects.

A few closed loop systems have been installed recently on vehicle

engines. Draper and Li [DR-l] applied their theory of "optimalizing”

(peak holding) control using dither spark control of a single cylinder

internal combustion engine. Schweitzer, et al . [SC-1, SC-2, SC-3, SC-4],

applied the above theory to the design of peak holding controllers for

spark advance and for flow rate for a multicylinder engine. A knock

detection system using an accelerometer on the engine head as the sensor

was installed on Buick engines [ C—2]

.

Spark was retarded when knock was

detected and then returned to the nominal setting. A closed loop carburetor

which maintains the air/fuel ratio around stochiometry for the best three-

way catalyst efficiency was introduced by Ford [M-3] ,
and is used also in

a number of GM models. An oxygen sensor in the exhaust line provides the

signal. A closed loop system keeping the engine operating on the lean side

where both fuel consumption and emissions are low was developed [L-l],

The angle that corresponds to cylinder peak pressure (0 ) was

used in [PO-2, PO-3
,
PO-4, PO-5

,
H-3] as a feedback signal to keep the

engine at best fuel economy for various engine operating conditions and

in the presence of external disturbances. Maintaining the engine at best

fuel economy could be achieved by keeping 0 at 15°ATDC by changing the

spark timing as required. The pressure trace was used as the feedback

signal in a closed loop knock detection system developed by R. Hosey [H-4] .

Spark was retarded when knock was detected to the point of incipient knock

until it was optimal to retard from that point.

Engine modelling and optimization solutions, together with the appro-

priate feedback signals can provide the required closed. loop engine calibra-

tion. A few optimization works evaluating best fuel economy for given

emission constraints have been done in the last ten years. Rishavy et al

.

[ R— 1 ] used an integer programming technique over a set of points approx-
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imating the EPA cycle to solve a steady state warmed up fuel economy

optimization, subject to emission constraints. A model of a catalytic

converter efficiency as a function of air/fuel ratio was included. A

steady state engine mapping was required.

Cassidy [C-l] reduced the data acquisition time by using an online

approach. The online real time computer controlled and monitored engine

performance as it was seeking out the optimum calibrations. Lagrange

multipliers were used to replace the constrained optimization problem by

a set of unconstrained problems in points of constant torque and speed.

Only steady state warmed-up engine data were considered. This approach

did not require any engine mapping. Auiler et al . [A-l] used dynamic pro-

gramming to find the optimal way with respect to fuel economy, to

allocate total allowable mass emissions among the various points of

constant speed and torque. Only warmed-up steady state engine data was

considered. An engine model developed by Baker and Daby [B-2] was used.

Dohner [D-2] considered drivability by adding a constraint relating

the coefficient of variation of the indicated mean effective pressure to

the engine surge. The cold-hot cycle as well as transients were considered.

The emission constrained optimization problem was solved by applying the

Maximum Principle to a terminal control problem over the EPA cycle. No

mapping was required. Rao et al . [R-2] solved a nonlinear programming

problem with equality and inequality constraints to find best fuel

economy for a given emissions level. The Lagrange Multipliers method

converted the constrained problem into a set of unconstrained problems

at points of constant torque and speed. Only warmed-up engine data was

considered. A relationship between the engine controls and engine speed

and intake manifold pressure at the optimum point was established.

Trella [T-2] used dynamic programming to find an optimal way with

respect to fuel economy of allocating total allowable emissions among

points of constant torque and speed representing the EPA cycle. The

effect of the number of these points on the optimization was checked by

carrying out the analysis for both a 12 point grid and a 41 point grid.

The finer grid yielded better fuel economy especially when emissions

tightened. Only warmed-up steady state engine data was considered.

Some of the optimization works discussed above were based on engine
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modelling. Baker [ B—2 ]
developed a method of representing the EPA cycle

by running the engine for various time lengths at a finite number of con-

stant torque and speed points. Fuel and emissions were correlated with

the control variables at any of these points. A similar approach was taken

by Rishavy et al
.

[R-l] . Vora [V-l] correlated the engine outputs, fuel

and emissions, with the 3 control variables, air/fuel ratio, spark

advance and the portion of the exhaust gases recirculated through the

intake manifold as well as with engine speed and torque. Data acquisition

time was shortened by sweeping through a range of spark advance, while

keeping all the other variables constant, and by taking data at fixed

time intervals. As the sweep was slow, there was no need to wait for

thermal equilibrium. Rao et al . [R-3] modelled the engine over a wider

load-speed range than is required by the EPA cycle. The engine was taken

through sequences of speed load points in quick successions for various

levels of air/fuel ratio, spark advance and EGR. Engine outputs, fuel and

emissions, were correlated with engine speed, fuel injection pulse width,

inlet manifold pressure, exhaust gas recirculation and combustion chamber

metal temperature. Trella [T-2] also used a five parameter model in which

fuel and emissions were correlated with AF, SA, EGR, RPM and Torque.
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B. SUMMARY

The objectives of this research are as follows:

1. To design a particular closed loop control system which will main-

tain optimal operation of the engine over a wide torque and speed

range regardless of mechanical degradation or external distur-

bances. The technique used is to maintain cylinder peak pressure

near its optimum value by controlling spark advance in a closed-

loop system.

2. To generate trade-off curves between optimal fuel economy,

evaluated for a given emissions level, and various levels of

emission constraints.

3. To investigate appropriate engine models.

The angle that corresponds to cylinder peak pressure is sensed and used as

the feedback signal to keep the engine operating optimally. Optimally oper-

ating is to consume minimum amount of fuel for given emissions level over a

wide torque/speed range. The optimal operating of the engine can be done

by finding a relationship between the angle and some engine parameters

that vary with engine speed and load, given an optimally tuned engine.

The relationship will provide the reference value of the closed loop

system for various speed-load points. The optimal closed loop scheme

together with the optimization program, are evaluated over the EPA cycle

which is approximated by running the engine for various time lengths

at points of constant torque and speed [ B—2 ] . Data were collected for

various settings of air/fuel ratio, spark advance timing, and the

portion of exhaust gases recirculated through the intake manifold, at the

points of constant torque/speed approximating the EPA cycle. Analytic

expressions can be fit to fuel consumption and emissions level as a

function of the control variables. Once analytic expressions have been

derived, the optimization problem of minimizing fuel consumption for given

emissions constraints can be formulated and solved. Trade-off curves

relating optimal fuel consumption to various emissions constraints can be

generated by repeating the optimization solution for various emissions

levels

.

The optimization solutions also provide the values of the controls,

AF, SA and EGR at the points of constant torque and speed as well as the
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value of the feedback signal 0°pt which is the angle that corresponds
PP opt

to peak pressure. A relationship between 6 p measured at the points
PP

of constant torque and speed and engine power was found. This relation-

ship provides the updated reference value for the closed loop control

system

.

C. SUMMARY BY CHAPTERS

Chapter II :

This chapter describes the engine test facility which consists of

a 2.3 litre four cylinder Ford engine directly coupled to a speed

controlled dynamometer. The simulation of an EPA cycle required running

the engine at points of constant torque and speed. Therefore, a torque

controller was developed. The controls, air/fuel ratio, spark timing and

the EGR system, were modified to be compatible with the data acquisition

procedure. Various control tasks were done by a NOVA minicomputer which

also collected data from the various sensors. This chapter briefly

describes the software and hardware of the test facility. A more detailed

description is contained in Appendix J.

Chapter III :

This chapter describes the procedure of fitting functions to the

engine outputs, fuel and emissions levels. Some statistical terms, such

as R-square . RMS, F-statistics
,
which evaluate the quality of fit are

discussed. The existence of a theoretical relationship between engine out-

puts and the controls justifies the function fitting approach. These

relationships are described in this chapter. A single function relating

either fuel consumption or emissions level to the control variables can

be fit to the entire data base with the controls AF, SA, EGR as well as

RPM and TORQUE as the independent variables. Or engine outputs can be

correlated with the controls for any of the points of constant torque

and speed. The advantages and drawbacks of each method are discussed in

this chapter. It concludes with a fit procedure error.
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Chapter IV

:

The optimization problem of minimizing fuel consumption subject to

emissions constraints over the EPA cycle can be formulated with the aid

of the models derived in Chapter III. The composite fuel and emissions

levels over the EPA cycle are evaluated by combining fuel and emissions

levels for the 10 points of constant torque and speed with different

weighting coefficients.

The adjoining of the emission constraints to the fuel function using

Lagrange Multipliers converts the original constrained problems to a set

of unconstrained problems each depending only on the controls of one

torque/speed point. Trade-off curves between optimum fuel and various

emission levels were generated by solving the optimization problem for

various emission constraints.

Chapter V:

A closed loop scheme that maintains the engine operating optimally

regardless of external disturbances or mechanical degradation over a wide

torque/rpm range is desired. It is presented in [H-3] that if the angle

of cylinder peak pressure is kept constant at 15°ATDC, the best fuel economy

target for various engine operating conditions is maintained. This angle

can be used as a feedback signal to keep the engine at optimum fuel econ-

omy for given emissions levels over a wide torque/speed range. The reason-

ing for using the signal is given in this chapter. Piezoelectric sensors

installed between the spark plugs and the engine head convert the pressure

changes into electric signals. The electronics required to process the

signal and to detect the peak pressure angle is described. It was found

that the optimal angle is a function of engine power. Therefore, this

function will provide the updated reference value with the spark advance

timing which changes as required to control 6 . Humidity was introduced
PP

into the inlet air stream simulating an external disturbance. With only

open loop control
,
fuel consumption increased by 4$ and NOx level de-

creased by 30$, whereas with the closed loop system, fuel consumption went

up 2$ and NOx decreased by 20$.
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D. CONTRIBUTIONS OF THIS RESEARCH

1. Design of a closed loop scheme for an internal combustion

engine that minimizes fuel consumption subject to a limitation

on emissions over a prescribed driving cycle.

2. Generation of detailed trade-off curves relating optimal fuel

consumption to various levels of emission constraints for the

engine configuration tested. The average values of the control

variables, AF, SA, EGR
,
over the E PA cycle for the various

optimal solutions taking into account the various catalysts

are also displayed.

3. Comparison of the quality of fit of global and individual fits.

Global fit is the estimate of the function for all measurements,

whereas local fit refers to a fit at a specific torque/speed

point

.
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II. MULTICYLINDER ENGINE TEST FACILITY

A. INTRODUCTION

Optimizing fuel consumption for given emission constraints requires

a detailed engine mapping. An automated engine test facility can shorten

the data acquisition time considerably. The engine was run at points of

constant torque and speed which were used to approximate the EPA cycle.

Therefore a speed controller as well as a torque controller were required.

This chapter describes these control systems. In addition, the controls--

air/fuel ratio, spark timing and the portion of exhaust gases recirculated

through the intake manifold, had to be modified to be compatible with

the mapping requirement.

Sensors were installed to measure engine inputs and outputs and to

collect some reference data. A NOVA minicomputer was introduced to per-

form various control tasks and to collect and process data. This chapter

describes the required hardware and software.

B. ENGINE AND DYNAMOMETER SET-UP

Data was collected from a 2.3L 4-cylinder 1975 Ford engine. The

engine was connected to a dynamometer by a manual transmission with the

fourth gear engaged; therefore, the engine and the dynamometer turned

at the same speed.

An automatic speed controller was installed on the dynamometer.

The tachometer is a digital counting device yielding a resolution of

1 rpm . The speed is controlled by the dynamometer field current. The

speed controller can accept both local commands and computer commands.

Only a few seconds are required to obtain a steady state error of +2 rpm

for a step in commanded speed. Figure 2.2 is a schematic diagram of the

system. The dynamometer settling time is much shorter than the elapsed

time between two measurements. Therefore it did not have any impact on
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the steady state data acquisition procedure. The dynamometer was used only

for a steady state mapping because it was not capable of tracking any

arbitrary change in load and speed.

C. ENGINE MODIFICATION AND INSTRUMENTATION

A few engine changes and measuring instruments were introduced for

the following reasons:

1. Arbitrary setting of air/fuel ratio, spark timing and the amount

of EGR.

2. Controlling engine torque .

3. Measuring fuel and inlet air flow, emissions concentration,

pressures and temperatures in various parts of the engine.

The following systems were changed or added to meet the above

requirements

:

1. Carburetor.

2. EGR line and valve.

3. Fuel system.

4. Spark advance.

5. Torque controller.

6. Emission cabinet measuring CO, CO^ , 0^, NOx, HC.

7. Inlet air flow meter.

8. Temperature gauges measuring:

a. water temperature,

b. inlet air temperature,

c. engine oil temperature,

d. exhaust gas temperature.

9. Inlet manifold pressure transducer.

The Carburetor:

The original 1975, 2bbl Holley 5200 carburetor could not accommodate

any external mixture changes; therefore, it was replaced by the latest

model 2bbl Holley 6500 which includes a vacuum activated fuel enrichment

system. The vacuum is applied externally providing an easy means of
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changing the fuel mixture. The vacuum activates a piston which closes a

secondary passage from the float chamber to the main well; thus higher

vacuums leanout the mixture. The vacuum ranged between 0 to 5 in Hg

under atmospheric pressure. Air/fuel ratio varied from 11 to 16 for low

and medium air/flow levels and went up slightly to 12-17.5 for the higher

air/flow points. As a leaner AF range was desired, it was decided to

change the jets that affect the mixture. Air/fuel ratio is determined

by 4 jets, each of which dominates the mixture at a different air/flow

level. Therefore it was quite easy to tailor the mixture pattern to our

needs .

One idle jet and one main jet are installed in the primary and in

the secondary bowls. The idle primary jet dominates the mixture at

speeds lower than 1000 rpm . The main primary jet dominates the mixture

above that level up to a throttle opening of 40° above which the idle

secondary jet has only a slight effect and the main secondary jet takes

over. The sizes of the original and the replacement jets are given in

Table 2.1. The modified mixture range as a function of air flow and the

vacuum level applied to the carburetor leaning port is given in Fig. 2.3.

IDLE MAI]'i

Primary Secondary Primary Secondary

Original 0.90 0.50 1.26 1 .10

Replaced 0.72 0.90 1.22 1.30

TABLE 2.1 Original and modified carburetor jet sizes (size in mm)
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EGR System:

The original EGR system was modified for two reasons:

1. to enable an arbitrary setting of EGR flow over the normal

engine operating range;

2. to provide means for mass flow measurement.

The EGR valve as well as the EGR line were modified to meet these

two requirements. Usually the EGR valve is activated by a diaphragm

which responds to a vacuum signal from the carburetor venturi. The

diaphragm was replaced by a threaded shaft which was connected to the

EGR valve. This shaft was mounted in a nut; therefore, the valve could

be advanced by rotating the shaft. Approximately 9 turns are required to

fully open the valve. Each turn advances the shaft 1/16” which gives a

reasonable resolution.

The EGR flow was determined by introducing an on-line orifice with

pressure taps on both sides. The design of this orifice complied with

ASME Power Test Code 19.5, 4-1959. The line configuration had to be

altered because straight portions of a minimum length are required in the

upstream and downstream parts of the line. The modified EGR line was

calibrated on a test bench. The discharge coefficient was determined by

recording both pressure drop across the orifice and the volumetric flow

which was measured by a highly accurate swirl meter. The EGR mass flow can

also be evaluated by considering the air density at the orifice. The air

density is determined by the pressure on the inle t side of the orifice

and by the exhaust gas temperature. These measurements were recorded.

Fuel Measurement System :

Fuel flow was measured by an Electronic Mass Flow Transmitter of

Flo-Tron, Inc. Measurement is achieved by arranging 4 orifices and a

constant volume pump in a
,fWheatstone Bridge” network. The total mass

flow is proportional to the pressure difference across the pump, thus

one gets a simple and direct measurement. This device was calibrated by

measuring the time required to pump a known amount of gasoline. Error never

exceeded 1/2% over a wide range of low levels.
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Emission Instruments:

The engine emissions are measured by an instrumentation bench

which was designed to measure the molal concentrations of CO, C0_
,
0o ,C

(hydrocarbons) and NO. The design of the system was carried out so that

the gas sample flow rate was held constant, thereby reducing the error

of the individual instrument to flow variations. Large sample flow rates

are used to assure rapid system response to changing emissions. The bench

includes the following instruments:

1. CO - Olson Horiba Mexa 200 (NDIR)

;

2. C0
2

- Olson Horiba Mexa 204 (NDIR);

3. C in HC - Olson Horiba FID-1 (FID);

4. 0
2

- Applied Electrochemistry S3A (Zirconia Electrochemical);

5. NO-NOx - Thermo Electron Model 44 (CHGM illuminescent) .

Of the instruments listed, all except the FID require a dry and

filtered sample to protect internal components and reduce interference

from water vapor and particulates. The HC analyzer can accept hot, high

humidity samples resulting in the elimination of condensation of heavier

hydrocarbons in the sample line that could take place had the exhaust

gases been allowed to cool. This condensation could introduce a measure-

ment error.

The emission cabinet incorporates the necessary plumbing to provide

these sample conditions to the instruments. The sample gas drawn from

the engine passes through a controlled electrically heated line that

maintains the desired sample line temperature to avoid condensation.

The output signal of all the emission instruments is also directed

to an external port that can be connected to the NOVA minicomputer. In

addition, all the instruments except the oxygen analyzer are multirange

devices. The status bit is also available on the external ports for the

NOVA. Therefore the physical measurement is obtained on the NOVA by

combining the output signal of the instrument, indicating the fraction of

full scale, together with the range. The various ranges of the emission

instruments are listed in Table 2.2. The multiplier increases the range

by the multiplication factor. In NO for example a range of 5 and a

multiplier of 100 yields a range of 500 ppm, etc. The response time of
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the emissions cabinet is around 10 seconds, which is the sum of the indi-

vidual instruments response and the delay introduced by the sampling

line having a total length of 30 ft.

Instrument Range Multiplier Unit

CO 0-2, 0, 5 i

C0
2

0-5, 0-16 $

HC 0-100 1,5,10,50,100,1000 PPM

°2 0-100 *

NO 2, 5, 10 1, 10, 100, 1000 PPM

TABLE 2.2 Emission instruments range

Air Flow Measurement :

Air flow into the engine is measured by an air flow transducer,

series 100 of Autotronic Controls Corporation. Volumetric air flow is

measured by counting the number of turns of a turbine that rotates as

air flows by. The instrument has very high linearity over a wide range.

The instrument was checked against a tank flowmeter where flow is measured

by reading the pressure drop across an orifice through which the flow

passes. The reading of the turbine meter was always higher than the tank

meter with maximum difference of 3% probably due to some internal leak-

ages in the tank. Air mass flow is evaluated by considering air density

which is determined by inlet air temperature and ambient pressure which

were both recorded.
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Temperature Measurement Devices:

Temperature at four points was recorded in the experiment.

1. Water temperature in the engine water jacket.

2. Inlet air temperature near the air flow meter.

3. Oil temperature in the engine oil pan.

4. Exhaust gas temperature in the exhaust line.

Water, air and oil temperatures were measured by Fenwal Electronic

thermistors. These devices change resistance as a function of temperature;

resistance decreases as temperature goes up. The thermistor in series

with an additional resistor are excited by a constant voltage. The

voltage across the thermistor is then amplified and biased to fit the NOVA

analog input range which is -lOv to lOv.

The exhaust gas temperature was measured by a Conax RTD, a resistance

temperature device in which resistance increases as temperature goes up.

The circuitry is similar to that of the thermistors.

Air Pump Calibration :

The total exhaust mass flow is affected by an air pump which injects

fresh air into the exhaust manifold to oxydize the emissions. As the total

exhaust mass flow is required for converting emissions from molal concen-

tration to mass flow, air pump mass flow level must be known at any in-

stant. The air pump mass flow was measured on a flow bench for various

speeds and back pressures is given in Fig. 2.4 and can be condensed to

the expression given in (2.1).

During engine mapping the air pump back pressure was monitored and

was introduced from the computer keyboard console

.

Air pump mass flow is given by the following expressions:

Gp = P- (0.008 X RPM-3 . 3-0 . 667 Pex) for RPM < 2500 (2.1)

Gp = p • (0Q0773 X RPM-3. 75-0. 645 Pex) for 2500 < RPM

where

:

p = Air density on the air pump inlet side, ambient pressure

and 110°Fare assumed (lb/ft^)
;
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Gp = Air pump mass delivery (lb/min)

;

RPM = Engine speed (rpm)

;

Pex = Exhaust pressure (in Hg)

.

Exhaust Back Pressure Simulation:

The absence of any catalyst or muffler in the exhaust line of the

experimental facility could change the exhaust back pressure and the

engine performance. A back pressure judged to be typical of an in-use

vehicle was simulated by the introduction of an orifice in the exhaust

line

.

D. COMPUTER SYSTEM

1 . Hardware

The computer for engine/dynamometer control and data acquisition

is a Data General Nova III. It has 32K words of core memory, dual diskette

("floppy") drive, paper tape reader, a 120 character/sec line printer,

and a CRT/keyboard. The interface equipment consists of a 32 channel

12-bit analog to digital converter, a 64 channel digital multiplex for

input or output, four channels of digital to analog conversion, and an

acoustic coupler. Normal operator input/output for programming or control

commands is accomplished by tthe CRT/keyboard while permanent records are

made by the line printer. The acoustic coupler allows direct telephone

access to our central campus computation center and essentially converts

the NOVA system into a terminal for the campus IBM 370-168. This mode of

operation was used to transfer engine data directly from the floppy disks

to the campus computer where the engine modelling and optimization was

carried out. Figure 2.5 is a schematic diagram of the computer system.
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Fig. 2-5 Computer System Schematic
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2. Software

Raw data that was sampled from the engine is processed by 5 con-

secutive programs in which the output of one serves as the input of the

next in the sequence. The first three programs reside on the NOVA whereas

the two others reside on the campus IBM computer.

Data is sampled by the engine test stand monitor software (ETSMS)

(Appendix B) and passes to the Data Sorter Program (DSP) which picks up

selected data and converts measurements to convenient units. The NOVA-SCIP^

(NS) program transfers the data to the IBM computer where the BMDP2R

package (see Ch . Ill) evaluates the parameter estimates for the measure-

ments. The estimates are the input of OPT - the optimization program

(see Ch. IV) that evaluates best fuel economy for various emissions levels.

The logical data flow is given in Fig. 2.8.

Fig. 2.6 Logical Data Flow

The BMDP2R program will be discussed in detail in Ch. Ill and the

OPT program in Ch . IV.

a. ETSMS (Engine Test Stand Monitor Software)

The engine test stand monitor software was designed to provide

the following capabilities:

1. The monitor allows continuous display on the CRT console

of engine variables such as torque, RPM, air and fuel flows,

spark advance, emissions, and temperatures. The CRT display

^Stanford Center for Information Processing.
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No. SYMBOL UNITS PHYSICAL MEANING

1 A/F vac. in Hg Airfuel ratio indicator

2 EGR valve turns Exhaust gas recirculation

3 torque ft. lb. Engine torque

4 throttle degrees Throttle opening

5 fuel lb/hr Fuel flow

6 Air CFM Inlet air flow

7 SPK ADV degrees Spark Advance

8 NO
X

PPM Equivalent NO

9 HC PPM Count number of C

10 CO * -

11 C0
2 *

12 °2
d
P

13 IAT °F Inlet Air temperature

14 OT °F Oil temperature

15 EGT °F Exhaust gas temperature

16 WT °F Water temperature

17 IMP abs PS

I

Inlet manifold pressure

18 Z03 bits Zirconia Oxygen sensor

19 USE FAC Fraction of cycle time used by NOVA

20 TEMP °F Ambient temperature

21 PRESS in Hg Ambient pressure

22 HUM grains H
2
0/lb air Humidity

23 EGRDP In H
2
0 Pressure drop on EGR orifice

24 Pex In Hg Exhaust pressure

25 Pair In Hg Air pump back pressure

TABLE 2-3: Monitored variables
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2 .

may be updated as often as once per second.

The operator may obtain a permanent record of engine variables

by commanding a data dump to the lineprinter and/or to a disk.

The disk record can be used by other data processing computer

programs

.

3. The desired setpoints for RPM, torque and spark advance may

be input by the operator from the console. The monitor

software also outputs the actual values achieved by the hard-

ware controls for RPM and spark advance and the torque values

achieved by the NOVA digital feedback loop from the load cell

to the throttle angle.

25 variables are monitored (see Table 2-3). The last three variables

in the list — EGRDP (pressure drop across the EGR orifice)
,
Pex-absolute

exhaust gas pressure, and Pair-air pump back pressure are introduced

manually from the console keyboard. Fuel enrichment system vacuum which

indicates air/fuel ratio and EGR level (number of turns of valve) are

also input manually from the console for recording purposes only.

The engine test stand monitor program consists of four tasks running

in parallel (see Table 2-4) . Engine control is performed by the highest

priority task; therefore, the resources of the computer are always avail-

able when control functions are required. Second priority is given to the

data collection task. Next priority is given to the supervisor function

which provides for communication between the operator and the monitor

program; thus control and data collection will continue during operator

inputs. A separate task is devoted to outputting test variables to the

console screen so the data collection task is not held up by the slow

process of outputting the data which is has collected.

The controller task (labelled Controller in Table 2-4) controls the

engine at a test point. It controls RPM, throttle setting and torque,

spark advance and the angle that corresponds to peak pressure. The NOVA

sets desired RPM values at the speed controller. When the NOVA is in the

open loop mode it can set desired throttle setting by commanding a micro-

processor system which in turn activates a stepper motor that is attached

to the throttle mechanism. In the closed loop mode, torque is controlled
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by outputting signal to the throttle control system whenever torque

deviates from the desired value. A detailed discussion of the torque

controller is given in Appendix J. Similarly spark advance timing is

controlled in an open loop mode and the angle that corresponds to peak

pressure is controlled in the closed loop mode. Spark advance is controlled

by a microprocessor as discussed in Appendix I. The controller task

outputs the desired spark advance value whenever a new setting is desired.

The angle that corresponds to peak pressure is controlled by closing the

loop through the NOVA and outputting commands to the spark controller as

necessary.

The data collection task (labelled DACOL in Table 2-4) inputs and

stores data, it converts the input data to engineering units, and it

reduces, formats and outputs data to the lineprinter and to the disk.

The operator can input the data sampling rate. A maximum sampling rate

of 10 Hz was chosen as a reasonable upper limit that would be slow enough

to allow software flexibility and fast enough for good resolution of

engine test data.

TASK NAME CONTROLLER DATA COLLECTION SUPERVISOR CONSOLE OUTPUT
TASK
PR I0RITY 1 2 3 4

TASK
FUNCTION engine

control
data collection,
data translation
to engineering
units, data re-
duction and data
output

communication
between other
tasks and
operator via
CRT console

data output to
console

TABLE 2-4 Engine Test Stand Monitor Organization
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NOMINAL TORQUE RPM SPKADV A/F EG
ENGINE TEST DATA 10/28/78 14 : 16 : 19 0
DISK DUMP FILE * 1

NOMINAL TOPQUE RPM SPKADV A/F EGR >

50.00 1700 00 10. 00 0. 00 0. 00

RPM TORQUE THROTTLE FUEL R1R SPK RDV IIOX HC CO
RVE 1702. 16 50. 21 20. 99 11.78 32. 95 10. 00 181. 83 211 . 30 0.57
VRR 0. 86 0. 40 0. 05 0.06 0. 11 0 00 0. 93 1. 10 0. 01
WORST 1701. 00 49. 23 21. 24 11. 91 32. 73

*

10. 00 179. 06 205. 10 0.55

CC2 02 IfiT OT EGT WT IMP ZOS USE: FAC
RVE 11. 56 3. 16 75. 13 197 41 1436 91 179 35 10 14 7. 13 1. 00
VRR 0. 02 0. 19 0. 17 0. 17 2. 88 0. 16 0. 04 2. 03 0. 00
WORST 11. 48 4.10 75. 48 197. 73 1470. 15 178. 43 10.37 2 00 1.00

TEMP PRESS HUM EGRDP PEX PAIR
69. 00 30. 04 82. 00 0. 00 1. 50 4.20

ENGINE TEST DATA 10/28/78 14:18 : 14
DISK DUMP FILE » 2

NOMINAL TOROUE RPM SPKADV A/F EGR
50.00 1700.00 18.00 0. 00 0. 00

RPM TORQUE THROTTLE FUEL RIR SPK ADV NOX HC CO
-

RVE 1702. 40 50. 00 18 43 10. 66 29. 76 13 00 228. 33 413. 95 1.26
VRR 0. 66 1. 00 0. 06 0 06 0. 08 0.00 2. 61 2. 63 0.03 »

WORST 1701. 00 43.27 18. 72 10. 45 30. 00 13.00 224. 06 411. 73 1. 22

C02 02 IAT OT EOT WT IMP ZOS USE FAC m

RVE 11. 21 3.03 74. 13 199. 62 1349. 19 173. 33 9. 35 7.36 1. 00
VRR 0.04 0. 04 0 11 0. 14 2 63 0. 27 0. 07 2. 26 0.00
WORST 10.97 3. 22 73. 82 199. 26 1344. 45 176 57 9. 83 0. 00 1.00 t

t

TEMP PRESS HUM EGRDP PEX PAIR -

69.00 30. 04 62.00 0. 00 1. 50 3. 80 V
t

ENGINE TEST DATA 10/28/78 14:23 : 0
• - -

DISK DUMP FILE # 3 T

NOMINAL TORQUE RPM SPKADV fi/F EGR
50.00 1700.00 26.00 0. 00 0.00 9

RPM TORQUE. THROTTLE FUEL RIR SPK ADV HOX HQ CO
RVE 1702 30 49. 88 17. 28 10. 04 28. 17 26. 00 420 21 1710. 97 2.94
VRR 0. 90 0. 39 0. 01 0. 06 0. 12 0.00 4. 57 10 07 0.02
WORST 1704.00 50. 59 17. 37 9. 86 28. 36 26.00 407. 34 1652. 32 2.90

V

C02 02 I AT OT EGT WT IMP ZOS USE FAC
1

RVE 10. 10 2.75 77.03 203. 37 1019. 41 173.54 3.90 17. 90 1.00
VRR 0. 02 0.04 0. 26 0. 27 1.66 0. 32 0. 02 2. 04 0. 00
WORST 10. 06 2.68 77. 44 202. 84 1007, 83 177. 35 e.93 29.00 1. 00

TEMP PRESS HUM EGRDP PEX PAIR
69. 00 30 04 82 00 0 00 1. 20 3. 60

TABLE 2.5 Lineprinter Data Dump
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An updated average of the recent 50 readings is evaluated for 18

selected variables. When a data dump is desired, the worst case, as well

as the variance of the most recent 50 readings, is evaluated for these

variables. Table 2-5 is a sample of a lineprinter dump. This same in-

formation is put on a disk for permanent storage. The data collection

task also averages 10 selected engine variables which are displayed on

the console.

The supervisor task enables the operator to select the number of in-

put points which are averaged before being displayed. The supervisor

task (labelled DDSUPER in Table 2-4) provides the communications link

between the operator’s console and the controller and the data collec-

tion tasks. A number of mnemonics (listed in Table 2-6) may be input

from the operator's console allowing the operator to control the engine

and the data collection. "C" enables the operator to change engine set

points such as torque, RPM, spark timing, throttle setting and the

desired peak pressure angle. "I" enables the operator to input NOx

instrument calibration factor, ambient temperature, pressure and humidity,

the EGR line pressures - EGRDP and PEX, exhaust back pressure-PAIR and the

desired data sampling rate. "t" enables the operator to select the

variables he wishes for display on the console.

COMMAND FUNCTION

C Operator input of engine setpoints

I Operator input of parameters for data collection

D Disk dump

L Line printer dump

DL Simultaneous line printer and disk dump

T Operator selection of variables for console display

E Program Termination

TABLE 2-6 Supervisor Mnemonics
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The console output task (labelled DDTTOUT in the listing) is

initiated by a message from the data collection task which is issued

when a buffer is filled with the calculated averages for the selected

variables. This organization allows the data collection task to

continue uninterrupted while the console output task is occupied by the

slow process of outputting the information.

The user clock subroutine (labelled CIOCK in the listing) is a real

time clock interrupt driven subroutine which runs in the operating system.

It provides the interface between the real time clock and the controller

and data collection tasks by transmission of messages which start the

tasks. The CLOCK subroutine also performs timing functions by decre-

menting counters with each clock interrupts until time to start a task.

b. DSP (Data Sorting Program)

The raw data generated by ETSMS and stored in the floppy

disk serves as an input to this program which has two purposes:

1. It compares air/fuel ratio based on emissions (see

Appendix A) to that based on direct measurements serving

as a check for a proper system measurement.

2. It converts emission measurements from volumetric concentra-

tions to mass flow by considering the exhaust mass flow

together with the emission concentration. It also organ-

izes the variables that are sent to the IBM computer in

matrices. These variables are the three independent

variables, AF, SA and EGR; and Fuel and emissions HC
, CO

and NO. Only measurements that correspond to the same

torque and speed values (a set point) are entered into the

same matrix. Thus DSP groups the data in 10 different

matrices which can be sent later to the IBM computer.
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c. NS (NOVA-SCIP)

This program transfers data from the NOVA minicomputer to the IBM

computer. The matrices generated by DSP are the input. Data is trans-

ferred via an acoustic coupler and the phone line. NS is a multitask

program that reads characters from the NOVA core and transfers them to

the external port that connects to the IBM computer, and vice versa. It

reads characters that come from the IBM computer through the acoustic

coupler and displays them on the CRT. The matrices generated by the DSP

program are first transferred to the core from where they are sent line

by line to the external port.

E. DATA ACQUISITION PROCEDURE

The conventional emissions and fuel figures typically quoted refer

to a prescribed urban and highway EPA cycle that can be simulated on the

dynamometer by running the engine at a finite number (12) of torque and

RPM points for various lengths of time (see Table 2-7) [b-2 ] and combin-

ing the results by a weighted average.

During the experiment it was found that 2 set points which are

900/2 (900 rpm and 2 ft lb) and 1250/-7.5 had to be excluded from our

schedule due to the dynamometer inability to maintain constant speed for

a very low torque. Their weighting factors were added to those of the

neighboring points. Those of 1250/-7. 5 were added to 1800/-14 and those

of 900/2 to 750/15.

In addition, a full mapping was impossible at 2600/95. The engine

could not maintain the desired torque level when a combination of re-

tarded spark timing, lean mixture and EGR were applied. It was decided

to redistribute the matrix in this region thus affecting the neighboring

point (2900/70) and its weighting factors. As a result, the new set

points were 2500/85 and 2900/72 with weighting coefficients as given in

Table 2-8.

For each of these 10 points, the fuel mass flow in lb/hr and the

emission levels — HC and NOx in PPM and CO in — as well as some other

variables (see Table 2-3) were measured for various values of the three

independent variables: air/fuel ratio, spark advance and EGR. Of these
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three variables only SA could be changed from the console. The two

others were set manually by either changing the vacuum level of the

carburetor fuel enrichment system or by manually turning the EGR valve.

Approximately 80 data points were taken for each set point, 4

different values of air fuel ratio, 4 levels of EGR and 5 settings of

spark advance were tried. In a few cases, at the high power points, some

of the points had to be excluded due to roughness difficulties, thus

reducing the total number of data points slightly. Typically they were

for lean mixtures, retarded spark and some EGR. A detailed listing of

the independent variables range, as well as the total number of data

points, is given in Table 2-9.

TABLE 2-7 Original Weighting Coefficients as suggested in [b-2]

Vehicle Weight: 3000 lb

Axle Ratio: 3.4

Transmission: Automatic

Test Point
(i)

Speed

< rpm)

Torque
(ft lb)

Urban Weighting
Factor, C^(sec)

Highway Weighting
Factor, C*(sec)

H

1 2600 38 77 297

2 2900 70 22 132

3 1400 20 317 0

4 1800 25 87 68

5 1700 50 256 24

6 2100 75 45 26

7 750 10 316 10

8 1800 -14 27 31

9 1250 - 7.5 90 17

10 900 2 125 0

11 2600 95 8 5

12 2250 50 0 152
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The spark advance was the variable to be swept first. It was

stepped for a certain value of EGR and air fuel ratio. When spark

advance reached its limit, EGR was stepped up and the sequence was

repeated. This time in the opposite direction; namely, had the spark

been advanced previously it would have been retarded now. This was

repeated until all 4 levels of EGR were exhausted, then EGR was set

again to zero and the entire procedure was repeated for a different air

fuel ratio.

TABLE 2-8 Modified Weighting Coefficients

Vehicle Weight: 3000 lb

Axle Ratio: 3.4

Transmission: Automatic

Test Point
(i)

Speed
(rpm)

Torque
(ft. lb)

Urban Weighting
Factor, C*(sec)

Highv/ay Weighting
Factor, C^(sec)

1 1700 50 256 24

2 1800 25 87 68

3 2100 75 45 26

4 2250 50 0 152

5 2600 38 77 297

6 1400 20 317 0

7 2500 85 6 6

8 2900 72 24 128

9 1800 -14 117 48

10 750 - 15 441
1

10
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Torque RPM AF Range SA Range EGR Range # Points

50 1700 12. 5-18.

5

10-42 0-7 76

25 1800 12.8-18. 5 10-42 0-7 80

75 2100 12.5-18.5 15-38 0-7 82

50 2250 12.4-18.

5

15-45 0-7 80

38 2600 12.4-18.

5

18-45 0-7 81

20 1400 13.0-18.

5

10-45 0-7 80

85 2500 12.7-18.

5

21-38 0-7 78

72 2900 13.0-18.0 24-42 0-7 73

-14 1800 12. 5-18.0 10-45 0-4.5 80

15 750 11.0-15. 5 10-30 0 20

TOTAL 730

TABLE 2-9 Independent Variables Range
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III. PARAMETER ESTIMATE ANALYSIS

A. INTRODUCTION

Engine performance can be described either by the solution of the

corresponding thermodynamic and chemical equations, or by correlating the

outputs with the inputs. The first method has not yet been able to pre-

dict engine outputs very efficiently nor very accurately ([H-l],

[

s-3],

[z-i]).

The second method, on the other hand, can be justified only if

engine inputs and outputs are known to be theoretically correlated.

In this chapter, the theoretical as well as the experimental rela-

tionship between engine inputs and outputs are discussed. The raw data

was sorted by DSP (Data Sorting Program, see Ch. II) and transferred

to the 370/168 IBM computer by phone line where functions were fit to

fuel and emissions measurements. Two approaches can be used in the func-

tion fit: the first one calls for fitting of functions to the measure-

ments of each separate point of constant torque and speed, whereas the

other method fits a single function to the entire range. AF, SA and EGR

are the independent variables in the first case, whereas AF, SA , EGR,

RFM, TORQUE are the independent variables in the second case.

Data curve fitting to engine outputs, fuel and emissions levels,

was done by [b-2 ] ,
[p-l], [r-1 ] ,

[r—3 ] . The global fit which relates

engine outputs to AF, SA, EGR, TORQUE, RFM was used. No attempt was

made to compare these results with those of local fits.

The quality of fits, as well as the type of functions used in the

fitting process is analyzed in this chapter. The parameters were esti-

mated by the BMDP2R program whose features are given below. The chapter

concludes with the presentation of one fitted function and the evalua-

tion of its quality.
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B. ENGINE INPUT/OUTPUT RELATIONSHIP

1. Background

One way of describing the engine performance is by solving the

appropriate thermodynamic and chemical equations. For example, Heywood

[ H— 1 ] ,
simulated a four stroke spark ignition engine cycle to study

its effect on engine performance and NO emissions. T. Singh [s-3]

developed a model of the combustion process in a spark ignition engine to

predict emissions, NO, CO and fuel. The solution was based on energy

mass and chemical equations. Extensive computation is required to eval-

uate fuel and emissions at just one operating point, even for a model

simplifying the complex combustion chamber geometry. Zeleznik, et al.

[z-l] developed a model of the complete Otto cycle. The model incor-

porates heat transfer, combustion kinetic and chemical kinetic to eval-

uate fuel and emissions. A number of cycles must be calculated in

order to obtain steady-state conditions.

The approach used in this research is based on input/output

descriptions. The theoretical relationship based on chemical and thermo-

dynamic reasoning is given below. This relationship justifies the corre-

lations of the outputs to the inputs.

Once analytic functions are derived, the engine outputs can be

predicted for any intermediate control values. Many parameters can serve

as engine inputs. A few examples of these parameters are the combustion

chamber geometry, valve timing, fuel composition, intake manifold pres-

sure, water coolant temperature, air/fuel ratio, spark timing and the

portion of the exhaust gases recirculated through the intake manifold.

This list can be divided into two groups with one group including

parameters, such as air/fuel ratio and spark timing, that can be con-

trolled in real time, and with the other group including parameters,

such as combustion chamber geometry that are fixed for a given engine and

fuel composition, that is fixed for a given operating condition.

The variables air/fuel ratio, spark timing and the portion of

the exhaust recirculated through the intake manifold are easy to control.

The engine output, fuel and emissions levels, is strongly affected by
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them. Therefore high correlation between the engine outputs and these

control variables can be expected.

Fuel efficiency and emissions are determined by chemical and thermo-

dynamic processes. The way that the control variables affect these

processes determines the engine input/output relationship. Fuel effi-

ciency strongly depends on flame speed and on the spark timing [h-2],

HC formation depends mostly on the quenching layer next to wall which

is formed by a slow flame propagation caused by cool wall temperature.

In addition, the slow flame breaks down the appropriate chemical kinetics.

As a consequence the burning is incomplete.

NO formation depends mainly on oxygen availability and high temper-

ature, both of which are essential to promote the reaction. CO forma-

tion also depends on the amount of oxygen. The effect of the control

variables on fuel and emissions is given below.

2. Fuel Dependence on Control Variables

Fuel consumption goes up, for a given engine load, as spark

timing is either retarded or advanced from a point called MBT which is

minimum spark timing for best torque. When the spark is retarded,

the utilization of fuel is incomplete due to lack of time for the combus-

tion process. Cylinder pressure buildup due to combustion is counter-

acted by the down movement of the piston in the expansion stroke. As

this counteracting phenomenon is more pronounced for retarded spark,

engine efficiency goes down since it depends on the pressure buildup.

Y/hen spark is advanced beyond MBT. The pressure buildup occurs in the

compression stroke rather than in the expansion stroke and it might work

against the upgoing piston. Therefore engine efficiency is expected to

decrease at this region also.

Fuel consumption should decrease as fuel mixture becomes

leaner [t— 1 ] . Excessive oxygen, which is typical to lean mixture, reduces

the amount of unutilized fuel. In addition, air specific heat is lower

than that of fuel. Therefore the combined air /fuel mixture specific

heat goes down as the mixture becomes leaner. The cycle heat losses go
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down as the mixture becomes leaner since they are proportional to the

specific heat, resulting in additional increase to engine efficiency.

In very lean mixtures, however, fuel efficiency degrades because of an

incomplete combustion due to weaker flame.

Injection of exhaust gas into the intake manifold is expected

to have a limited effect on fuel consumption. Addition of EGR dilutes

the fresh charge admitted to the cylinder. It was reported in [b- 5]

that this effect was quite small resulting in a slight increase in

fuel consumption.

3. Emissions Dependence on Control Variables

Air/fuel ratio, spark advance and exhaust gas recirculation

affect emission levels as follows:

a) AF Ratio :

HC - HC concentration is proportional to the product of

the quench layer thickness and the fuel concentration in that layer.

The quench thickness increases for either very lean or very rich mix-

tures, whereas fuel concentration decreases as air/fuel mixture becomes

leaner. Therefore HC concentration is expected to reach a minimum,

usually at a lean mixture. A cylinder-to-cylinder variation in air/fuel

ratio can shift the minimum to a point richer than stochiometry since

some of the cylinders might be lean even though the average mixture of

the entire engine is rich. These lean cylinders will reduce the total

HC level, resulting in an overall minimum for a total average mixture.

CO - CO oxidation to C0
2

depends on the availability of

oxygen. CO concentration is high in rich mixtures due to lack of

oxygen and is low in lean mixtures.

NO - NO concentration strongly depends on gas temperature

and the available oxygen in the combustion. NO concentration is low for

both rich and lean mixtures and peaks in some intermediate value. In
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very rich mixtures NO concentration is low due to lack of oxygen, whereas

in very lean mixtures NO concentration is low due to low combustion

temperature. Therefore a maximum can be expected in some intermediate

value where combustion temperature is not too low and the amount of

oxygen is sufficient for the reaction.

b) SA

:

KC - Retarding the spark timing decreases HC levels since it

increases exhaust temperature thus promoting oxidation in the exhaust

tube.

CO - The effect of spark retard on CO concentration is similar

to that on HC in trend but smaller in magnitude. The higher exhaust

temperature due to spark retard further oxidizes CO. At very retarded

spark lack of time to complete CO oxidation results in increased CO

emissions. These increased emissions are offset to some extent by reduc-

tion in CO concentration caused by increased exhaust temperature.

NO - Spark retard should decrease NO concentration since it

reduces peak combustion temperature. As NO formation depends on high

temperature, the drop in temperature will result in decreased NO concen-

tration.

c) EC-R :

NO - Addition of exhaust gases to the intake manifold increases

the mixture dilution reducing both flame speed and maximum cycle temper-

ature. Therefore NO concentration is expected to go down as EGR level

goes up.

HC - Addition of EGR increases the mixture dilution resulting

in lowering the mixture temperature. Therefore HC concentration should

go up. The quench layer thickness increases as temperature decreases

resulting in higher HC concentration.
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d) Load Influence

The various emission concentrations change with load as follows:

HC - HC concentration is expected to go down as engine speed

goes up due to increased turbulence promoting the combustion and HC

oxidation.

CO - One should not expect any effect on CO concentration due

to changes in load, because CO formation is determined by the chemical

kinetics which is not affected by the load.

NO - Two opposing effects on the formation of NO occur as engine

speed increases. The first one is an increase in NO formation due to

increased turbulence, whereas the second one is a decrease in NO formation

due to increase in late burning. The increased turbulence reduces the

heat loss per cycle resulting in an increase in NO concentration. For a

given spark timing, late burning increases engine speed. This will

cause a larger portion of the combustion to occur in the expansion stroke

where temperature is lower which will decrease NO levels.

For rich mixtures the first effect is dominant, where combustion

is rapid; whereas for lean mixtures the second effect is dominant, where

late burning increases. Therefore, NO concentration goes up with engine

speed for rich mixtures and goes down for lean mixtures.
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c. THEORETICAL BACKGROUND

The undetermined function is found by the least squares method which

minimizes the difference between the function and the data. The quality

of fit is commonly judged by the "R-square" of the fit. In addition,

the level of confidence that the various terms brought into the equation

differ from zero can be checked by the F-statistics . These terms

are defined and discussed below.

This chapter concludes with the discussion of individual vs. global

fits, specifically the advantages and disadvantages of each approach.

1. Statistical Definitions

The quality of fit, or how well the fitted functions describe

the engine performance is judged according to a few criteria; the most

common one being the coefficient of determination known also as R-square

which gives the ratio between the variance explained by the function to

the total variance as given in the following formula: (see [m-2])

R"

N _9
2 (y.-y)
i=l

N - 22 (y -y)

i=l

= 1 -

N
2

2 (y . -y .

)

i=l
1 1

N - 22 (y.-y)
i=l

(3.1)

where

y = predicted value of point i;

y = average value of measurements;

y ^
= measurement at point i;

N = number of measurements.

For a perfect fit where the function passes through all the points,

R-square is 1 because y = y^ for each i, whereas where the function

does not explain any of the variance R-square is 0. Therefore, R-square

gives a qualitative nondimensional measurement for the quality of the fit.

A few more relations derived to give some idea of how the
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variance is spread, are RMS, RMSP and RESPAV as defined in (3.2)-(3.4).

RMS is the standard deviation; RMSP is the fraction of standard devia-

tion from the average; RESPAV is the mean of the absolute relative

deviation, giving a rough idea of what the average relative error is.

RMS

RMSP

RESPAV

RMS
x 100

100

N

N
£
i=l

abs(y-y)

y

(3.2)

(3.3)

(3.4)

Note that RMSP may be misleading in a few cases because it can

assume a value close to 100% which does not necessarily reflect large

unexplained variation. When function value changes considerably through

the entire region with more points on the low value sides, y can be

quite small. Yet the RMS can be high due to a variation at just a few

high value points .
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2 . The Null Hypothesis and F-Statistics

The statistical significance of the various regressor variables

can be evaluated by introducing the null hypothesis which checks if the
"t ll

i regression coefficient is zero, or if all the regression coeffi-

cients are zero. It is desired to check if the value of the regression

coefficient is due merely to a random error.

The null hypothesis is associated with some level of confidence

which can be evaluated by the F-statistics. The null hypothesis and the

F-statistics are explained below.

The null hypothesis is stated as:

Ho : b i : - 0

which means that the coefficient bi is zero. The level of confidence

associated with rejecting this hypothesis can be evaluated. If, for

example, this level of confidence is 99=&, the null hypothesis will be

rejected in 99 out of 100 cases.

The level of confidence can be evaluated by the F-statistics,
2

which is defined as the ratio of two independent x (chi-square)

variables, each divided by their degrees of freedom. This relationship

is written as:

T(v. V
2?

U/V

(3.5)

where U and V are independent random variables having X distri-

bution with and degrees of freedom respectively.
9

A X distribution is a particular case of the exponential

distribution and it is most useful in studying the distribution of a

variance of a sample. A sequence of mutually independent variables
2

P 1> P2
,u^ having a normal distribution can define a X distribution

as follows. The variable S that is defined as:

S

1

2
i=l

^i
(3.6)
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follows the X distribution with £ degrees of freedom. Based on

the variance and the degrees of freedom of two samples, the F-ratio

will indicate if the samples are drawn from the same population for a

given level of confidence.

We wish to check the hypothesis that the F-ratio calculated

in (3.5) follows the theoretical F-distribution . This hypothesis will

be rejected by a level of confidence of at least 1-CX if

r<vV F (v v a)
tabl

v 1’ 2’

where F(v^,v
2
) is based on the experiments and evaluated according to

(3.5) and
, , (v,

,
v_ ,0!) is a tabulated value for v, ,v_ degrees of

ta bl 1 3 1 2

freedom with a level of confidence 01.

th
The first null hypothesis that can be checked is if the i

regression coefficient is zero. This term is assumed to be entered

last into the equation. The various terms of (3.5) are:

th
U = marginal contribution to R-square due to the i term;

h - 1
*

2
V = 1-R the unexplained variance;

v_ = N-k-1
c*

where

N = number of data points;

k = number of terms in the regression equation.

Substituting the above in (3.5) yields:

F(l, N-k-1) =
Y (N-k-1)

1-R
(3.7)

As stated above the null hypothesis will be rejected by a level of

confidence of at least \-0L of the value evaluated in (3.7) is greater
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than the tabulated value with 1 and N-k-1 degrees of freedom for a

level of confidence Ot.

Rejection of the null hypothesis with a level of confidence of

at least 1-Q is equivalent to rejection of the assumption that the
th

i term is zero with a level of confidence of at least 1-a.

The other null hypothesis that can be tested is whether all

the regression coefficients are zero. For this case the various terms

in (3.5) are:

2
U = R the explained variance;

= k number of terms in the equation;

2
V = 1-R the unexplained variance;

v
^

= N-k-1 .

Substituting these expressions in (3.5) yields:

F(k, N-k-1)
R
2
(N-k-1)

(1-R
2
)k

(3.8)

The null hypothesis will be rejected (meaning that the assumption that

all the terms are zero is rejected) with a level of confidence of at

least 1-d if the value evaluated in (3.8) exceeds the tabulated F

ratio for k and N-k-1 degrees of freedom for a level of confidence a.
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3. Global vs. Individual Fits

Functions can be fit to measurements in two ways . A single

expression for either fuel or emissions can be derived over the entire

range with AF, SA
,
EGR, TORQUE and RPM as independent variables, or

functions can be fit for all measurements having the same torque and speed.

The second method generates 10 functions with AF, SA and EGR as indepen-

dent variables. A global fit is superior to 10 individual functions in

terms of its compactness and ability to predict fuel and emissions levels

at intermediate torque and rpm points rather than only at the 10 constant

TORQUE-RPM points that were mapped.

A global expression is inferior to a set of individual expres-

sions in the quality of fit for the same degree of polynomials, since

the global expression has to compromise between a few groups of data

resulting in an oversll expression that is different from that of the

local expressions. As it will be discussed in Section F of this chapter,

typical cross sections of both local and global fits for the fuel func-

tion is shown in Fig. 3.2, which clearly demonstrates the differences

between the two methods of fit.

This idea can be demonstrated in the following simplified

example. Suppose that y is a function of x and z, and that all the

data points can be separated into two distinct groups according to the

value of z with some points having z = z. and the rest having z = z 0

(see Fig. 3.1). y represents the dependent measurement, x represents

any of the control variables and z represents TORQUE. For simplicity,

only one control variable is used, yet the comparison between local and

global fits can be extended quite easily for any number of control

variables. Only linear relationships between y to x and y to z

are assumed. Yet any nonlinearity can be converted into a linear rela-

tionship by an appropriate transformation. Lines A B and A B in
i. i. z z

Fig. 3.1 represent the local fits to the two data subsets with z = z^

and z = z respectively. These lines have slopes of a and a . A
^ 1 z

single expression for the two data subsets is of the form

y = a
3
x + a

4
z + a

5 . (3.9)
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Fig. 3.1 AN ILLUSTRATION OF GLOBAL AND LOCAL FITS.

A^B and A^B^ are ^oca ^ f°r t ^ie data subsets
with z=z and z=z_ respectively, whereas ABBA is the

global fit for the two data subsets. The resituals of the

global fit are larger than the residuals of the local fits.
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The slope of the fit plane with respect to the z axis will differ from

the slopes of lines A B and A B since it is determined so as to
X 1. £ &

minimize the total residuals of both data subsets. This slope will be

equal to those of A B and A B only if a = a .IX Ci c* X

The plane A
3
B
3
B
4
A
4

that is defined in (3.9) intersects the

planes of z = z and z = z^ along lines A^B^ and A
4
B
4 * ^3B3

gives

a lower quality of fit to the data subset of z = z^ because line A^B^

was found by the least squares method while considering only the data

subset with z = z^; therefore there cannot be any other line yielding

smaller residuals. The mathematical proof will be as follows. Suppose

there are n sets of measurements of the type f (x, . ,x_ .
, . . . ,x, . ,y . )

;

i=l,2
J
...,n) where y i

is the observed value of the dependent variable

and x to x^^ are the values of the k independent variables in
x. 1.

the i
L observation. Each observation satisfies the equation

y
i

= b
0

+ Vii + Vki + e
i

• (3 - 10 >

The n observations will satisfy the following matrix equation:

where

(3.11)

(3.12)
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b is the estimate of the parameters and e
i

is the residual in the i

measurement indicating the difference between the observed and the
/\

predicted value. The predicted value Y which is defined as

= (y , . . . ,

V

) is evaluated as
1 n

Y = Xb . (3.13)

The components of b are found by the least squares method which

minimizes the residuals given by:

min
n

£ «

i=l

n

min £ (y.-y.)
i=l

1 1
min(Y-Y) (Y-Y)

T
(3.14)

The solution is found by substituting for Y from (3.13), taking the

derivative of (3.14) with respect to b and equating to zero. The

final form is [W-2]

T -IT
b = (X X) X Y (3.14)

The parameter estimates of the local and global fits of the simplified

example given above can be found by substituting for X. and Y accord-

ingly .

having

The matrices X
,
Y ,X Y that correspond to the data sets

l JL ^ ^

z = z
n

and z = z 0 respectively are:
L &

(3.15)

(3.16)
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where n and m denote the number of measurements in the two data sets

with z = z and z = z respectively. The regression coefficients

vectors b and b of these two data sets are found by combining (3.14)
I ^

with either (3.15) or with (3.16) yielding

b
l

= (XlV lx
i
Y
l

(3.17)

b
2

= <XI
X
2
rl)t

I
Y
2

• (3 ' 18)

The regression coefficient vector -b, of the entire data set can be

evaluated by constructing the matrices X and Y of the entire data

set and substituting in (3.14). X and Y are:

Carrying out the matrices’ products yields:

T t -1 T T
b = CX^ + x

2
x
2
) (X

1
Y
1

+ x
2
v
2
) (3.21)

T
solving for X^Y^

in (3.21) yields:

T
from (3.17) and for X Y from (3.18) and substituting
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b (3.22)
T

= <Vi +
T _i T T
X
2
X2> <X

!
X
l
b
l

+ X
2
X
2
b2>

which means that the parameter estimate of the global fit

average of the parameter estimates of the local fits b^

when = b 0 will

b is a weighted

and b
2

. Only

b = (3.23)

which means that the global fit can be equal to the local' fit only if

all the local fits are identical. The quality of fit of the local

expressions can be compared now to that of the global expressions.

R-square is defined as (using (3.12))

*
Tj (y.-y.)

1 1

R
2

= 1 - 1=1

N - 2E (y
i
~y)

i=l

= 1 -
e *e

£ (y
i
-y)

2

(3.24)

^ T
y was selected to minimize e*e and thereby to also maximize

2
R . Therefore if any values of y other than those found in (3.13) are

9
used, R- will become smaller. Therefore, if the predicted values of the

global fit are used to check the quality of fit of the local data set,

they will yield worse results. Only in the unique case that the regres-

sion coefficients of all local data sets are equal, will the global fit

be the sane as the local fit, otherwise it will be inferior. Figure 3.2

demonstrates how a global fit can produce a lower quality fit than a

local fit, and even is not able to follow the general shape of the

measurements

.

As discussed in III.D polynomial series were used for fitting.

The number of terms considered in the regression fitting for a given degree

of the polynomial goes up sharply with the number of the independent

variables, as shown in Table 3.1 since all the cross coupling terms are

considered also.
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No of
n = degree of polynomial

m = variables 234
3 10 20 35

5 21 56 126

TABLE 3.1 Number of
with m

Terms in a Polynomial
Independent Variables.

of Degree n
>

Therefore for the same number of terms, the degree of the poly-

nomial goes down as the number of the independent variables goes up.

From Table 3.1 it is obvious that a fourth order polynomial of 3 indepen-

dent variables has less terms than a third order polynomial of 5 indepen-

dent variables. As the complexity of the expressions goes up with the

number of terms, maintaining the same number of terms in the equation

will result in lowering the degree of the polynomial of the local

expression as compared to the global expression thus affecting the

quality of fit.
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D. FUNCTION SELECTION

The measurements are known to have a nonlinear dependence on the

independent variables. No attempt was made to evaluate the physical

functions. Instead, empirical expressions were evaluated. A power

series was tried because of ease of generation. As it was not known

beforehand which are the dominant terms, a fourth order polynomial of

the three independent variables was tried for the individual fits, and a

third order polynomial with 5 independent variables was tried for the

global fits. The computer program selected the terms that best explained

the variation in the measurements

.

One of the disadvantages of a power series is the high correlation
2

between many terms. For example x is highly correlated with either x
3

or x
,
etc. This eliminates many terms from the power series resulting

in a lower number of terms to be introduced into the equation, thus

affecting the total R-square . This drawback was overcome by using

orthogonal functions which are defined as:

b

f P (x)P (x)co(x)dx
J n m
a

0 nj^m

1 n=m (3.25)

over a range (a,b) and a weighting function oo(x) . This approach is

justified because of the similarity between the orthogonal functions defin-

d'd-'in (3.25) and the correlation function defined as:

N
C(x

, y) = Z (x . -x) (y-y)p(x ,y) ,

(3.26)

i=l
1

where the weighting function of (3.25) is the probability function

p(x,y) and the integral is replaced by a summation.

The orthogonal functions that were tried are the Legendre Polynomials

which are:
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1 (3.27)

x (3.28)

(3.29)

3
2 .5x - 1 .5x (3.30)

(3.31)

The introduction of these expressions enables the computer program to

select the dominant terms from a longer list thus obtaining a higher

R-square. While using a Legendre polynomial, a typical term like

An attempt to set a function for the emissions could yield negative

predicted values in the low range. This is typical for functions that

might vary by a few orders of magnitude over the entire range and the

predicted function which can usually assume lower values than the mea-

surements can be negative for the low valued measurements. In addition,

even when no negative predicted values are obtained, the quality of fit

can be degraded while trying to estimate the parameters of functions that

vary considerably. These drawbacks can be eliminated by using the

natural log of the emissions. This method reduces the range of the mea-

surements and as a consequence improves the quality of fit. A complete

listing of the polynomial expressions of all the cross coupling terms is

given for the global fit in Appendix C and for the local fit in Appendix

E.
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E. BMDP2R PROGRAM

This program computes estimates of the parameters of a multiple

linear regression equation in a stepwise manner using the least squares

method. The BMDP2R is a part of the BMDP (BioMedical Computer Programs)

P-series (B-3) and was preferred to similar statistical packages because

of an easy access to the source code that made storage of the regression

coefficients possible.

The subroutine that prints the regression coefficients was modified

to also write them to a disk. The modified subroutine was compiled and

linked with the rest of the program.

The fuel and emission measurements converted to mass flow, together with

the independent variables AF,SA and EGR that were sorted by DSP(Sec . II. D. 2)

and stored in matrices according to the torque and speed serve as an input.

The TRANSF subroutine of the program enables us to introduce new

independent variables which are functions of the original independent

variables. 31 terms were added to account for all possible high power

terms of the local fits. These terms describe a fourth order polynomial

with 3 independent variables. 16 and 51 terms were added for the second

and third order polynomials respectively for the global fit having 5

independent variables

.

The stepwise regression method enters or removes independent

variables according to two methods: the F method and the R method. The

F method removes any variable if its F-to-remove is less than the F-to-

remove limit which means that the level of confidence that the coeffi-

cient is zero is larger than a desired limit. If no variable meets this

criteria, the variable with the largest F-to-enter is entered if the

F-to-enter exceeds the F-to-enter limit (implying that the variables with

the lowest level of confidence of being zero is entered) .

The R method removes the variable with the smallest F-to-remove

if its removal results in a larger multiple R than was previously

obtained for the same number of variables. If no variable meets this

criterion a variable is entered as for F. The R method was preferred

because it gives rise to a higher R-square . It turns out that the first

variables to be entered explain the variance more than the terms to be
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last entered. The stepwise process of bringing new terms terminates when

the next variable to be introduced is correlated with the other variables

above a certain value selected as 0.99.

The program printout includes statistical information at each stage

about the current R-square and the regression coefficients of the already

entered variables in a regular as well as in standard form. The F-ratio

is also displayed.

Following the stepwise process, the program prints a stepwise

summary table of the R-square obtained by considering all the terms

introduced up to that step and the F-to-enter ratio of the considered

terms (see Table 3-8) .
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F. RESULTS

Polynomials were fitted both for sets of data of the same torque/RPM

points and to the entire data base the quality of fit of these two

methods as well as a comparison with some other results reported recently,

is given below. Probable causes for the measurements residual are dis-

cussed together with the effect of torque and speed fluctuation around

the nominal values. This section concludes with the comparison of the

predicted functions with the theoretical relationships that were out-

lined in III .B.

1. Quality of Fit and Comparison to Other Works

Forty individual functions were fit to the measurements. The

associated statistics are given in Table 3-2. Functions were fit to

fuel and to log of emissions, yet the statistical values were evaluated

for the physical values. Thirty-five functions are described by

Legendre Polynomials which usually yielded higher R-square . Only for

5 cases was it discovered that regular polynomials were preferable.

R-square, RMS, RM3P and RESPAV were defined in III.C. A typical value

of RMSP (RMS over average measurement) can be 2$ for fuels, 35$ for HC

,

37$ for CO and 27$ for NO.

Global functions were fit to fuel measurements and to log of

emissions for the entire data base. A second order polynomial as well

as a third order were tried. No improvement in R-square was obtained

by the usage of Legendre polynomials, therefore regular polynomials were

used. The statistics associated with the physical values of the global

fits as well as with the log of emissions is given in Table 3-3.

Parameter estimates of engine mapping were reported by Trella

[T-2] and by Tennant [ R— 3] . A comparison of the global functions with

the individual expressions, as well as with the results reported in

[T-2] and in [R-3]
,

is given in Table 3-4. The statistics of the 40

individual functions which appear in Table 3-2 are summarized in the first

part of the table. The functions were fit to log of emissions, yet R-

square was evaluated for the corresponding predicted physical values.

Each box of the first part of the table contains the range of
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TORQUE RPM FUEL MC

RS9 RH5 RtiSP RESPAV RSQ RMS RMSP RESPAV
50 1 700 0.959 0.229 2.289 1 .805 0.875 22.915 21 .630

x
18.903

25 1800 0.974 0.221 2.719 2.112 0.900 63.607 42.431 16.656
75 21 CO 0 . 959 0.211 1 .367 1 .060 0.799 23.211 31 .379 26.377
50 2230 0.350 0.262 2.000 1 .645 * 0.664 28.329 28.525 18.986
33 2600 0.975 0.265 1.950 1 .539 0.783 106.977 69.265 28.843
20 1400 0.983 0.184 3.196 2.601 0.885 45.581 32.412 22.603
85 2500 C.92S 0.434 2.031 1 .670 0.870 14.053 46.764 32.519
72 2900 0.359 0.253 1.193 0.968 *0.735 13.471 34.743 26.012

-14 1800 0.939 0.100 2.554 . 2.054 0.877 84.454 22.793 22.107
15 750 0.953 0.052 1 .967 1.355 *0.365 1 .200 12.456 10.832

TORQUE PPM CO NO

RSQ RMS RMSP RESPAV PSQ RMS RMSP RESPAV
50 1700 0.897 64.224 49.246 32.583 0.885 2.640 28.979 19.365
25 1600 0.634 16.548 31 .649 21 .618 *0.793 1 .262 45.875 23.445
75 2100 0.960 83.460 32.548 24.123 0.765 9.794 24.451 23.946
50 2250 0.939 74.349 39.048 19.036 0.843 6.282 34.204 20.952
38 2600 0.835 49.531 51.949 13.620 0.803 • 4.994 39.699 27.429
20 1400 0.653 7.162 31 .869 28.016 0.648 0.318 42.368 25.761
85 2500 0.762 159.915 49.388 33.698 0.905 7.024 14.799 13.447
72 2900 0.943 46.403 32.689 18.432 *0.827 12.205 18.849 13.154

-14 1800 0.929 0.979 11.564 8.685 0.891 0.007 14.451 10.792
15 • 750 0.654 9.375 50.316 50.169 0.937 0.007 11.183 9.974

TABLE 3-2

Summary Table of Residuals of the Physical Values of the Individual

Fits Which Were Evaluated For Fuel and For Log (Emissions) . Legendre

Polynomials Were Used Except Where Regular Polynomials Were Used As

Marked by * .
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SUMMARY TABLE OF RESIDUALS FOR GLOBAL FIT (LOG)

SECOND ORDER

RSQ RMS RMSP RES PAV

FUEL 0.985 0.744 6.127 5 .454

HC 0.763 0 .661 16.361 21 .636

CO 0.757 0 .701 418.428 98 .518

NO 0.959 0.483 31 .726 58 .353

THIRD ORDER

FUEL 0.994 0.454 3.738 3.944

HC 0 .832 0.555 13.719 18.270

CO 0 .866 0.519 13.645 45 .093

NO 0.974 0.388 25 .431 45 .012

SUMMARY TABLE OF RESIDUALS FOR GLOBAL FIT (PHYSICAL)

SECOND ORDER

FUEL 0 .985 0.744 6.127 5 .454

HC 0.277 148 .125 118.967 62.370

CO 0.658 145 .617 109.922 64.329

NO 0 .819 11.288 54.520 42.874

THIRD ORDER

FUEL 0 . 994 0.454 3.738 3.944

HC 0 .526 119.988 96.353 51 .883

CO 0.739 127.169 95 .997 45 .070

NO 0.886 8 .950 43.226 33.801

TABLE 3-3

Summary Table of Residuals of Global Fits Evaluated

For Fits of Fuel and Log (Emissions) As Well As For

The Physical Measurements.
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FUEL HC CO NO

PHYSICAL 0.9279-0.9888 0.365-0.900 0.782-0.960 0.765-0.937

FIT

VALUE
RSQ = 0.964 RSQ = 0.793 RSQ = 0.888 RSQ = 0.850

>—

i

<
5
>—

<

>

n = 10.6 n = 9.8 n = 10 .5 n = 10.0

0.366-0.969 0 .804- .958 0.775-0.939

Q LOG RSQ = 0.858 RSQ = 0.909 RSQ = 0.846
»~t

n = 9 .8 n = 10.5 n = 10.0

0
a

PHYSICAL 0.9851 (10) 0.277 0.658 0.819
VALUE 0.984 (7)

a
o

LOG
*

0.766 (17) 0.758 (13) 0.961 (18)

C

H

?
0.748 (10) 0.755 (9) 0.943 (6)

tn
3 PKYS ICAL 0.994 (19) 0.526 0.739 0 .886

-5 5
VALUE 0.980 (5)

B
A *a

u
CO

LOG 0.832 (16) 0.866 (13) 0.974 (17)

O 0.816 (11) 0.845 (9) 0.969 (4)

a
tq

TR ELLA' S[ T-2] 2nd Order 3rd Order Log 2nd Order Log 2nd Order Log

o
s;
m <:

121/305 CID 0.98/0.99 0.89/0.87 0.84/0.84 0.93/0.98

w
w

TENNANT'S [R-3] 2nd Order 3rd Order Log 3rd Order Log 3rd Order Log

350 CID 1 .00 0.931 0.973 0.988

TABLE 3-4 Summary table of residuals of the individual and global fits
as compared to reference data in [T-2] and in [R-3] .

Log means that the residuals were evaluated for a prediction
function of Log (Emissions)

.

Physical Value means that the residuals were evaluated for a

prediction function of emissions.

KS'Q is the average of the individual fits

n is the average number of terms in the individual fits
The number in parentheses denotes number of terms brought into the
equation.
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R-square of the individual fits, the average value for the 10 functions

and the average number of terms brought into the equation.

The second part of the table lists R-square and the number of

terms used in the global fits. R-square was evaluated both for log of

emissions and for the predicted physical values. R-square was also

evaluated both for second and third order polynomials. Some intermediate

results of the stepwise regression fitting are given in the table. For

example, 4 terms can explain 96$ of the total variation of log(NO) when

a third polynomial is fitted, whereas the next thirteen terms explain

additional 0.0135 of the total variation.

The results reported in [T-2j and in [ R — 3] are listed for

comparison. Trella's results correspond to 121 and 350 CID engines

respectively, whereas Tennant's results correspond to a 350 CID engine.

The value of R-square of the fuel function is quite close to the

values reported in the two other sources. The largest discrepancy was

noticed for log(HC) where our fit yielded R-square of 0.83 as compared

to 0.87 or 0.93 reported in [T-2] and [R-3] respectively. Log(CO) yielded

inferior results to those quoted in [R-3] -- 0.86 vs. 0.97. [ T— 2

]

obtained similar R-square results for log(CO) -- 0.84, although he used

second order polynomials while we used third order polynomials. Log(NO)

quality of fit yielded results similar to those reported. in the two

other sources. The second order polynimial found in [T-2] with R-square

of 0.93/0.98 is similar to our second order polynomial with R-square of

0.96, whereas the third order polynomial reported in [ R— 3 ]
with R-square

of 0.988 is superior to our third order polynomial having R-square of

0.974.

The quality of fit of the global function can be compared to

that of the 10 individual functions by examining the residuals. The

global expression depends on AF, SA, EGR
,
TORQUE and RPM . In the

comparison of the quality of fit to that of the individual function,

TORQUE and RPM assume the measured values. The statistics for how well

a global function can fit to a data subset (all measurements with the

same nominal torque and speed) is given in Table 3-5. As expected, the

residuals and hence rms always increased as compared to the individual

fits, sometimes by a few percent and sometimes by a factor of 10.
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Therefore, the global function is quite similar to some of the individual

expressions, but is quite far off from some other individual functions.

The R-square values listed in Table 3-5 have a different meaning

than those in Table 3-2 because they were not evaluated for a least

square fit. According to equation (3.1), R-square is confined to the

region (0,1) when the predicted function was found by least squares

method. In this case R-square was evaluated according tor

E (y.-y.V

R
2

= 1 -
i=1

n - 2E (y
i
-y)

i=l

where
y^

is the value predicted by the local fits.

As the predicted function was not derived by a least square

method, the sum of residuals can exceed the total variance in very poor

cases, thus causing R-square to be negative. Comparison of R-square of

the global fit to that of any individual fit has to be done very care-

fully. The third order global fuel function has R-square of 0.994,

while R-square of a fourth order individual fuel function with TORQUE/RPM =

85/2500 is 0.928. It is misleading to conclude that the global function is

superior in that region because these two functions were evaluated with

different data bases and have different number of independent variables.

Actually in that region, the individual function is superior to the global

fit. This idea can be demonstrated in Fig. 3.2 where the observed values

for fuel at 85/2500 ft lb/rpm, as well as the predicted values of both

the global and the individual fit, are displayed.
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Fig. 3.2 GLOBAL AND INDIVIDUAL FITS OF FUEL WITH TORQUE/RPM = 85 lb ft/
2500 rpm AF/EGR = 14.7/0.

The R-square of the global and local fits are 0.995 and

0.92S respectively. The global fit is not capable of

tracking the general shape of the data as well as the

local fit.
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2. Residual Analysis

There are several possible reasons for the unexplained variation:

a) instrument noise;

b) engine fluctuations;

c) measurement schedule;

d) functions selected for the fitting process.

The emission instruments were periodically calibrated during

the experiment, yet a 10$ drift could be noted occasionally, especially

when ambient temperature was changing.

The engine behavior is not constant and repeatable and a cycle

to cycle variation occurs. Averaging the most recent 50 readings as

explained in (Sec. II. D. 2) reduced this effect, yet engine fluctuation

effect was not entirely eliminated.

TORQUE and RPM were assumed to equal the nominal settings. As

TORQUE and RPM varied, additional noise was possibly added to engine

measurements. A detailed discussion of this effect is given below.

The emission measurement is somewhat related to the way the

data point is approached. As discussed in II. E, some of the measure-

ment points were approached by retarding the spark and some by advancing

it, which had an impact on engine and exhaust gas temperature transients.

As no thermal equilibrium was obtained due to short time intervals

between measurements, a small additional error was introduced.

As it was discussed in III.D, the functions selected in the para-

meter estimate process have a strong influence on R-square . Only poly-

nomials were tried. Probably more complicated functions could describe

the measurements better, especially when the function value was changing

abruptly. Fuel measurements have the highest R-square because of several

reasons. Fuel flow measurement is very accurate with an error of less

than 1$ as opposed to a much larger error in the emission instruments

(Sec. II. C). In addition, fuel data spread is much smaller than that of

emissions. The highest to lowest fuel flow ratio for a given TORQUE and

RPM point does not exceed 1.5 as compared to 100 for emissions. As the

quality of fit degrades with increased data spread, fuel has a higher

R-square than emissions.
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3. TORQUE-RFM Fluctuations

One of the possible contributors to residuals in the individual

fit is the deviations of TORQUE and RPM from their nominal settings.

While fitting a function to measurements having the same TORQUE and RFM,

it was assumed that TORQUE and RPM were identical for all the measured

points .

As it can be seen in Tahle 3-6, the average values were quite

close to the nominal settings with relatively small rms of 1 rpm for

speed and 1 lb ft for TORQUE. The actual measurements of fuel and

emissions differ slightly from those that might have been obtained had

TORQUE and RPM been held exactly at the nominal value. The effect on

the residuals can be found by evaluating the measurements at the nominal

TORQUE and RPM settings according to the following formula:

F
nom

F + (T -T )
meas meas nom

6F
global

bT
T=T

meas
RPM--RPM

meas

+ (RFM -RPM )meas nom

5F . . _
global

ftRPM
T=T

meas
RPM=RPM

meas

(3.32)

where nom denotes the value at the nominal TORQUE/RPM point, meas

is the actual measurement and T is the load. Global indicates the

single function fit over the entire range. This procedure was repeated

for emissions except that it was actually done for log of emissions as the

global function describing emission was fit to the log of the measure-

ments .

The various statistical values evaluated for the original data

as R-square, RMS, RMSP and RESPAV were evaluated again for the corrected

data. An expedient way to get a rough estimate of how these statistical

values change for the corrected data is to assume that the predicted

functions are unchanged. This imposes a lower bound on R-square and an
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NOMINAL AVERAGE RMS NOMINAL AVERAGE RMS

RPM RPM RPM TORQUE TORQUE TORQUE
' 1700. 1702.8360 1. 287b 50. 45.8709 C.4161
1800. 1802.5580 1.5105 25. 24. 9223 C . 3527
2100. 21C1.7020 1.4961 75. 74.8930 C.4678

' 2250.
*

225 1.9C60 1.164b '

50

.

'50.0536 C.297C
2600. 2601.3010 1. 22 11 38. 37.9334 C.3C68
moo. mC1.2030 1.7059 20. 20. 1024 C.3399

“2500.
"

250 1.8020 C. 9800 85. e4. 8746 C .36 60
2900. 26 S 9 . 24 9

0

1.1711 72. 71.9155 C.4431
1800. 1 8QC.7880 1. 3030 -14. -14.0232 C.2793
750. 753.5356 1.4825 15. 14.9170 C.2692

TABLE 3-6

RPM and TORQUE Statistics

(RPM in rpm, TORQUE in lb ft)
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upper bound on RMS, because the quality of fit of an arbitrary function

to a given data set will always be inferior to that of the function

evaluated by the least squares method.

The statistics for the corrected data are given in Table 3-7

where RSQ is R-square, RMS is the root mean square, RMSP is the RMS to

average measurement ratio in percents and RESPAV is the average of the

absolute value ox the ratio of the residual to the measurement. The

predicted values of the original data were used. As seen in Table 3-7

the corrected data yielded some improvements in the quality of fit in a

few cases with RMS going down by up to 5$ and R-square going up by 0.03,

whereas the quality of fit decreased in a few other cases due to the fact

that a non-least square function was used. Comparison of R-square of

the original data to that of the corrected data is displayed in Fig. 3.3

from which it can be concluded that the contribution of TORQUE and RPM

fluctuations to the residuals of the individual functions is quite small.

4. Comparison of the Experimental Functions with the Theoretical

Predictions

A few cross sections of some of the functions are displayed in

Figs. 3.4 to 3.10. Functions having the highest and lowest R-square were

selected to give an idea about the entire spectrum of R-square. The

dependence of fuel and emissions measurement on the engine controls

(AF, SA ar.d EGR) can now be compared with the theoretical relationships

that were discussed in III.B.

The measured fuel consumption closely follows the theoretical

analysis which predicted a decrease in fuel consumption as spark advances

up to the angle where additional spark advance increases fuel consumption

since most of the cylinder pressure buildup occurs in the compression

stroke rather than in the expansion stroke. Leaning the mixture did

improve fuel consumption except for very lean mixtures where it went up

again. Addition of EGR always increased fuel consumption (see Fig. 3.4).

HC concentration increased as expected when spark was advanced
;

the dependence on AF was not uniform at the various TORQUE/RPM points.

In a few cases the minimum occurred at a lean mixture, while in a few

other cases it occurred at rich mixtures. Addition of EGR usually
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increased HC concentration (see Figs. 3-5, 3-6).

CO concentration increased when spark was advanced for lean

mixtures whereas it decreased for rich mixtures. CO concentration sharply

dropped as the mixture became leaner. Addition of EGR usually increased

CO level (Figs. 3-7, 3-8).

NO concentration always decreased when spark was retarded. A

maximum value was obtained for air/fuel mixture leaner than the stochio-

metric mixture and NO concentration decreased when EGR was added (Figs.

3-9, 3-10)

.

On the whole, most of the fuel and emissions measurements,

except for HC, followed the theoretical predictions discussed in

Section B of this chapter, yielding good agreement in the values of the

control variables at the optimum solutions (see Ch . IV) with some other

results [ A— 1 ]

.

The greatest discrepancy occurred with HC dependence on

air/fuel ratio where the minimum was obtained in a few cases for very

rich mixtures. As it will be discussed in Ch . IV, this discrepancy

caused the value of AF at the optimal points to be richer than it was

reported in other sources [A-l]

.

From the BMDP2R output it was concluded that the contribution of

the last terms to be entered to the R-square was quite small and the equa-

tions could be simplified by omitting these terms. In addition, the

null hypotheses of having any single coefficient drawn from a zero popu-

lation was rejected based on the F-statistics with a level of confidence

larger than 99/3 .

The regression coefficients of the various functions are listed

in Appendices D and F for the local and global expressions.
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Fig. 3.5 (Cont.) HC VS ENGINE CONTROLS AT 1800/25 rpm/lb ft

R
2

= 0.900
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Fig. 3.6 (Cont) HC VS. ENGINE CONTROLS AT 2900/72 rpm/ft lb R
2
=0.735
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rig- 3.7 c) CO vs. EGR
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Fig. 3.7 (Cont) CO VS. ENGINE CONTROLS AT 2100/75 rpm/ft lb R = 0.960
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2
Fig . 3.8 CO VS. ENGINE CONTROLS AT 2500/85 rpm/ft lb R = 0.786
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Fie. 3.9 NO vs. ENG INK CONTROLS AT 1800/25 rpm/ft lb R
2
= 0.798
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Fie. 3.9 c) NO vs. EGR

Fig. 3.9 (Cont) NO VS. ENGINE CONTROLS AT 1800/25 rpm/ft lb

R
2

= 0.798
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2
Fig. 3.10 NO VS. ENGINE CONTROLS AT 2500/85 rprn/lb ft R = 0.905
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Fig. 3.10 (Cont) NO VS. ENGINE CONTROLS AT 2500/85 rpm/ft lb

R
2

= 0.905
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G. EXAMPLE

The preceding analysis will best be demonstrated by the following

example. CO level at TORQUE/RPM of 50 ft lb and 1700 rpm . Table 3-8

is a summary table of the stepwise parameter estimate. The variables

entering x 9 through x are products of polynomials of AF*SA and

EGR and are listed in Appendix C. The marginal contribution of the

next terms to be entered to R-square is generally diminishing and steps

6-11 change R-square by 0.0008 which is really insignificant. F-to-enter

gives the level of confidence in which the null hypothesis (having zero

coefficients) is rejected. The lower the number the higher the probability

that the coefficients are zero. For all coefficients that enter in steps

1-5 having F-to-enter 5.27 and higher, the null hypothesis is rejected in

a confidence level greater than 99$, whereas the F-to-enter for steps

6-11 indicate a much lower level of confidence in rejecting the zero

hypotheses

.
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IV. OPTIMIZATION ALGORITHM

A. INTRODUCTION

Once some analytic expressions that describe the engine performance

have been derived, as outlined in Chapter 3
f

the optimization problem of

minimizing fuel consumption subject to emission constraints can be

formulated. The optimization problem is solved over the EPA cycle by the

Lagrange multipliers method. The constrained problem is transferred into

an unconstrained problem by adjoining the constraints to the fuel func-

tion. Tradeoff curves relating fuel consumption to various levels of

emission constraints are of interest.

This analysis has not accurately accounted for either cold start or

engine transients or catalyst efficiency effects; therefore the final

results presented in the analysis should be used mainly for sensitivity

analysis and trends in fuel economy as emission constraints change, rather

than for establishing some absolute standards for fuel and emissions from

this particular engine. The solution method, as well as discussion of

results, are outlined in this chapter.

B. PROBLEM DEFINITION

The optimization problem calls for minimization of fuel consumption

subject to emission constraints, which can be stated as:

Min F (4 . 1 )

subject to

E < E
0 (4 . 2 )

X € X (4 . 3 )

where

F = fuel consumption in gallon/mile;

E = emission vector

E

and the inequality applies to any component.

Eq = the vector of the desired emissions.
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The other constraint xeX implies that the set of independent variables

x - AF, SA and EGR must be within certain bounds for proper engine opera-

tion .

The conventional data of emissions in gm/mile and the fuel economy

in MPG differs from the data format that was collected; therefore, a

conversion procedure which is outlined below must take place.

As explained in II. H the EPA urban and highway cycle can be approxi-

mated on the test bench by running the engine in finite number of torque

and rpm points for various lengths of time . The number of points in our

case is 10

.

The composite fuel and emission levels based on the fitted func-

tions derived in Section 3 for the i load and speed point, can be

written as:

F.
l

= F
i
(SA,AF,EGR) (lb/hr) (4.4)

HC.
l

= HC
i
(SA,AF,EGR) (mg/sec) (4.5)

NOx.
l

= NOx
i
(SA,AF,EGR) (mg/sec) (4.6)

CO.
1

= CO
i
(SA,AF,EGR) (mg/sec) (4.7)

The data acquired at the 10 points is modified as explained below

to comply with the conventional data format. Our measurements are taken

from a warmed-up engine and not in a cycle including a cold start as

prescribed in the certification procedures. Therefore the data were

adjusted to provide an approximate correction for this testing difference.

In addition we ran the engine without a catalytic converter which neces-

sitated additional corrections to account for the catalyst's reduction of

emissions to the tailpipe level.

88



c. FUEL ECONOMY EVALUATION

The composite fuel economy as specified in [A-2] is:

MPG composite
100

F + F
1 2

(4.8)

where MPG composite denotes the total fuel consumption of both urban

and highway cycles; F^ is the fuel consumed for 55 urban cycle miles (in

gallons) and F^ is the fuel consumed for 45 miles highway driving (in

gallons). In our test we measured F and F_ . Therefore the composite fuel
1 ^

economy can be found from (4.8).

The actual urban and highway driving schedules are not 55 and 45

miles respectively but rather 7.46 and 10.25 respectively. Therefore

the expression for fuel mass flow is:

F F

J = — .55 + -ti .45 (4.9)
u. H

.

d d

where

J = Fuel mass flow (lb/mile)

F = Mass of fuel consumed over an urban test (lb)
u

u^ = 7.46 miles distance of urban driving schedule

F = mass of fuel consumed over a highway test (lb)
H

= 10.25 miles distance of highway driving schedule.

Substituting the values of u, and H, in (4.9)
d d

J = 0. 0738 F + 0.0439 F
,u H

yields

:

(4. 10)

F^ and F^_ are found by measuring the fuel flow rate in the hot cycle at

the 10 load-speed points (Tahle 2-8) and adding these values according to

their weights C
1

, C* (also in Table 2-8). 'Eqn. (4 . 10) ,
written in terms

of fuel rates, is therefore:

10 . .
10 .

J
hot

= 0.0738 StyF. + 0.0439 £ C^F. (4.11)
i=l i=l

10
i

= £ (0.0738 CL
1

,
+ 0.0439 C„)F.

. u Hi
1=1
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The volumetric fuel flow is found by dividing by fuel density yielding:

J 10

F = = — 2 (0.0738 C* + 0.0439 C*)F, (4.12)
hot P

F
pf i=i

U H 1

where

F, = the volumetric fuel flow gallon/mile
hot

p = fuel density =6.3 lb/gallon
F

Data was collected from a hot engine. We are actually interested
*

in the "cold/hot" cycle fuel economy which is related to the hot cycle

as follows [ D-l ,E-l]

:

cold/hot MPG = 0.96 X (hot MPG)

or in inverted form

cold/hot GPM = 1.042 X (hot GPM)

Substituting in (4.12) yields the final expression

F
cold/hot

10

2 (0.0122
i=l

i i .

Cy + 0.00726 Cj^

(4.13)

(4.14)

(4.15)

The term given to the case of a cold start followed by some warmed-up
operation

.
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D. EMISSION CONSTRAINTS EVALUATION

The emission constraints are imposed only on the urban cycle. We

measure the concentration in either PPM or in percentage at the 10

load-speed points (Table 2-8) which represent the EPA cycle. The engine was

run through a cycle without any catalytic converter- The transformation

from our measurements to the conventional gm/mile format for the "cold/hot"

cycle with catalytic converter is given below.

1 .

[M-l]

:

Hot Cycle Emissions Without a Catalyst

The conversion from concentration to mass flow rate is given in

E = C X V X p (4. 16)e ex e v '

where

E = emission mass flow (gm/sec)

C = volumetric fraction of emissions in the exhaust
.
e

3
V = volume delivery of exhaust (ft /sec)
ex

3
= density of emissions (gm/ft )

C is the data obtained in our measurements. p can be found by
e e

knowing exhaust pressure and temperature. The exhaust volume rate flow

is given by:

V
ex

G + G + G
a f p

(4.17)

where
G = total exhaust mass flow (lb/sec);
•

G = inler air mass flow to the carburetor (lb/sec)

*

a ’

•

G^ = fuel mass flow (lb/sec);
•

G = additional air mass flow to the exhaust by air pump (lb/sec)-
P

’

3
p = exhaust density (lb/ft ) .

0X

G was determined from air pump calibrations as discussed in II. C and
P

is:

G = p X (0.8- RRVl/100 -3 . 3-0. 667 p )/60 RFM < 2500, (2.1)
p 3 GX

G = p X (0.773 RPM/100 -3.75-0.645p )/60 RPM > 2500,
P 3 GX

91



are defined in II.C. The need for an accuratewhere p ,
RPM and p

a ’ Hex

exhaust pressure and temperature for the determination of emission

density can be overcome by substituting the relationship:

(4.18)

in (4.16) yielding:

E C
e
X G

ex
(4.19)

Using the laws of an ideal gas the density fraction of emission to

exhaust can be replaced by the ratio of their molecular weights yielding

the final expression:

where

M
E = C X G X^

e ex M
ex

(4.20)

M = emission molecular weight;

M = exhaust gas molecular weight =29.8.
0X

The exhaust gas molecular weight slightly depends on air fuel ratio and

can vary by 1 °/o over a wide air fuel ratio. An average value was assumed

for simplicity.

The general expression for emission mass rate in (4.20) can be

written for each of the three emissions as follows:

HC

HC
PPM

v
•

M
HC

/» X G X -

1Q
6 ex 29.8

(4.21)

where

M = 86.172 (assuming hexane basis)
HC

HC = mass rate of hydrocarbon gm/sec

PPM = concentration of HC from emission instrument in ppm.
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NOx The NOx mass rate

is modified to:

NOx
where

depends also on humidity. Therefore

PPM NOx

10
6

X G X
ex

m
no

XK „
29.8 H

eqn. (4.16)

(4.22)

NOx = emission mass rate (gm/sec)

M
NOx

= 46.002 (assuming N0
2

)

Kjj = humidity correction factor as specified in the federal

register [F-l]

^ is giv,

r en by:

K
H 0.6745 - 0.0047 H

(4.23)

where H = absolute humidity in grains per pound of dry air.

CO

where

CO

M

The carbomonoxide mass rate is given by:

M.
vl rn •

CO l CQ
y r* y "‘CO

100 ex 29.8 (4.24)

CO

= mass rate (gm/sec)

= 28.01.

The total hot cycle emissions are found by summing the emission rates

measured in the 10 load-speed points according to their weights C*

(Table 2-8),. The average emission per mile is found by dividing the total

emissions by the urban driving schedule (7.46 miles). Therefore the

expressions for the various emissions are:

HC
hot

10

S C* CO
1

(gm/mile)
i=l

(4.25)

NOx
hot

1 • x

7 46
“ C

U
N°X (gm/mile)

i=l
(4.26)

CO
hot

10
‘ ’

y~4Q C* CO
1

(gm/mile)
i = l

(4.27)
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2 . Hot Cycle Emissions with Catalysts

Introduction of a catalytic converter reduces the emissions level

according to its efficiency. We shall examine two types of catalysts:

a) oxidizing catalyst (OC);

b) three-way catalyst (TWC).

The ratio of the output to input levels is given by:

E = (l-r|)E
out 1 in

where

E = emission level in the catalyst outlet

E^
n = emission level in the catalyst inlet

rj = catalyst efficiency.

(4.28)

OXIDIZING CATALYST (OC)

The approximate efficiencies for the various emissions arfe given in

-3s II 0.75 (4.29)

n = 0.0 (4.30)
*NOx

\o 0.85 (4.31)

Therefore using (4.28) and (4.25)-(4.27) for the inlet emission levels

the following expressions are obtained for the emission levels in the

hot cycle after passing through the oxidizing catalyst.

HC =
out

(1-0. 75)HC

.

in
0.25
7.46

E
i=l

HC
1

(gm/mile) (4.32)

NOx ^ =
out

NOx

.

in
1

10
y; C

1
NOx

1
(gm/mile) (4.33)

7.46
i=l

c
u

CO
out

(1-0. 85)CO.
in

0. 15

7.46

10

£ c
u
co

1
(gm/mile) (4.34)

i=l
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THREE WAY CATALYST (TWC

)

The approximate efficiencies of the three way catalyst are given in

[B-1 ]

^HC
0. 83 (4.35)

^NOx
0.70 (4.36)

\:o
0. 90 (4.37)

The TWC efficiency strongly depends on fuel mixture and is valid only

around stochiometry. Therefore the expressions for the emissions level

in the hot cycle after passing through the TWC are:

HC =
out

(1-0. 83 )HC
in

0. 17

7.46

10

£
i=l

HC
1

(gm/mile) (4.38)

NOx ^ =
out

(1-0. 7)NOx

.

in
0.3
7.46

10

£
i=l

c
u

• i
NOx (gm/mile) (4.39)

CO =
out

(1-0. 9)CO

.

in

0.1

7. 46

10

£
i=l

co
1

(gm/mile) (4.40)

3. COLD/HOT CYCLE CONVERSION

The expressions derived so far for the emissions level correspond

to the hot cycle. The conversion to cold/hot cycle is given in [e-1 ]

:

HC
cold/hot

' HC
hot

+ °' 2 (gm/mile) (4.41)

NOx _ . .
= 0.95 NOx hot (gm/mile) (4.42)

cold/hot

CO * = CO + 4 (gm/mile) (4.43)
cold/hot hot

where the hot subscript refers to emission levels after passing through

the catalyst. Combining equations (4. 41)-(4. 43) with either (4.32)-

(4.34) or with (4. 38)- (4. 40) gives the desired expression for the emis-

sion level in the cold/hot cycle after catalytic conversion for the two

types of catalysts.
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I

All the catalyst efficiency assumptions and the cold start correction

are great simplifications to an extremely complicated process. Therefore,

these conversions are used to arrive at tailpipe emissions that are a

crude approximation to an actual cold start cycle test and are useful

for comparison purposes. However, due to the crude approximations, the

numbers should not be used as actual predictions of dynamometer certifica-
.

tion tests.

a. Oxidizing Catalyst

HC .

choc

NOx .

choc

co
V,choc

The subscript choc means cold-hot oxidizing catalyst.

10

0.0335 £ C
1

HC +0.2
i=l

(gm/mile) (4.44)

10

. 1273 £ C
1
NOx

1

i=l

(gm/mile) (4.45)

10

0.02 £ C CO + 4

i=l

(gm/mile) (4.46)

b. TWC

The final expressions are
10

HC
,

= 0.0228 £ C„ CO +0.2
chtc . . U

i=l

10

KOxchtc
= °* 0382 S c

u
NOx

1

i=l

10

CO = 0.0134 £ C CO + 4
chtc . , U

i=l

(gm/mile) (4.47)

(gm/mile) (4.48)

(gm/mile) (4.49)

The subscript chtc means cold/hot three-way catalyst and these expressions

are valid only around stochiometric points.
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E. METHOD OF SOLUTION

Once detailed expressions for both fuel consumption and emission

levels have been derived (equations 4.14 and 4.44-4.49) equation (4.1)

can be written more explicitly as:

N
Min( S

i=l

0.0122 C
X
+ 0. 0 0726C

1
) F

.

u Hi (4.50)

subject to the emission constraints:

N
a D C^HC. + h ^ HC
1 . n

u l 1 0
1=1

N
a 0 Z C

X
N0x. NO

2 . , u l xO
i=l

N

a„ S C
1
C0. + b0 <; CO.

3 u i 3 0
i=l

(4.51)

and the independent variables constraints:

AI^ £ AF. £ AF
Hill

SA <S SA. £ SA
i i

H
for i = 1 ,N

EGR
L

<S EGR. £ EGR
Hill

(4.52)

where the various a's and b's of (4.51) are given in Table 4-1 for

either the oxidizing or the three-way catalyst and the superscripts L and

H In (4.52) denote lower and upper bounds respectively on the independent

variables as listed in Fig. 4—1. There are 3N unknowns, the values of

the three independent variables must be found for all N constant load,

and speed points.
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"l
a
2

a
3

b
i

b
2

b
3

Non Catalyst (NC) 0.1340 0.1273 0.1340 0.2 0 4

Oxidizing Catalyst (OC) 0 .0335 0.1273 0.02 0.2 0 4

3-Way Catalyst (TWC) 0.0228 0.0382 0.0134 0.2 0 4

TABLE 4-1: Emission Constraints Coefficients for (4.51)

One way of solving this constrained problem is by adjoining the

emission constraints (4.51) to the objective function (4.50) and finding

the minimum of the following problem (see [BR-1]);

N . . N .

Min(£ 0. 0122^+0. 00726C
1
)F. + \ rAa

.

E C
1
-HC . + b , -HC )

u H l HC l . _ u x 1 0
x=l 1=1

N
. i

N .

+ \’0
<a

2
s C> X -NOX

0
) + Aco

(a
3
L <C01+ b3

-C0
0
) (4.53)

i=l i=l

subject to the independent variable constraints given in (4.52). There

are three more unknowns - 7\un , ANr., Ann yet there are three more equa-

tions — the constraints as given in (4.51). Equation (4.53) can be

simplified by collecting the terms in one summation yielding:

N
Min(( £ ( 0 - 0122C

u
+0 - 00726C

H
)VC

i (AHc’
a
i‘

H
^i
+ANO

,a2*N°VXCO
,a3*^O

i
))

i_l

+ (XHC
(brHC

0
) -ANO

N05I
0

+
^CO

(b3-CO0
n ' < 4 ' 54)

subject to (4.52) .
, ^q’^CO are also known as the Lagrangian

Multipliers associated with the corresponding constraints.

Equation (4.54) can be decomposed to N separate optimization

problems because the independent variables of one set point do not affect

fuel or emissions at any other set point. The expression external to the

summation operation does not affect the value of the independent variables

and can be ignored while looking for the minimum of the adjoint expression

of any set point. The optimization problem therefore reduces to the
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final form:

Mi n ((0.0122c;+0.00726C
I

1

I

)F
i+
c;(A

Hc
.a

1
- I-|C. +A

t
.0

-a
2
-NOx .^co -a

3
.CO

i
)

for i = l.N (4.55)

subject to (4.51) and (4.52).

A reasonable way of solving the optimization problem is guessing an

initial value for AHC , ^CO
and solvin& N minimization problems

as given in (4.55) subject to (4.52) having the independent variables

confined in the drivability range. Once the values of AF. ,
SA.

, EGR

.

that correspond to the solution of (4.55) have been obtained, the emission

levels can be evaluated from (4.51). If these levels do not differ from

the desired emission constraints by more than the convergence criteria,

the final solution has been obtained. Otherwise the Lagrangian Multipliers

have to be modified and the process must be repeated. One way of changing

the Lagrange Multipliers is by perturbing them around the current solution

and from the way the emission levels are changed, extrapolating so the

desired emission levels are met. A flow chart of this process is given

in Fig. 4-1.

This method could be justified if we were interested in solving the

minimization problem for a particular set of constraints. As trade-off

curves are of interest, solving the optimization problem for quite a few

constraint levels is wasteful. Instead, a different approach was taken.

Each optimization solution is associated with a set of Lagrangian

Multipliers. As we are not interested just in one solution, the optimi-

zation problem as defined in (4.55) is solved many times, each time with

a different value of the . No iterations of the Lagrange Multipliers

are required. The fuel consumption as well as the emissions level are

evaluated for each solution using (4.14) and (4.44)-(4.49) . A flow

chart of the process is given in Fig. 4-2. A listing of OPT is given in

Appendix G-l.
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Fig. 4-1 Optimization Algorithm for a Given Emissions Level

Fig. 4-2 Optimization Algorithm for a Given Range of A'

s

100



F. LCMNA PROGRAM

The solution of the optimization problem is based on solving the

reduced problem of one set point (4.55) which is a minimization of a

nonlinear function in a bounded region. The value of any of the indepen-

dent variables AF ,
SA.

,
EGR

.
that corresponds to the minimal point

must be within the drivability region. Therefore the suboptimization

problem is of the form

Min(f(AF. ,SA. EGR.)) (4.56)ill
subject to

af
l
1

< AF.
l

< AF*
1

sa
l
1

< SA.
l

<
. H

SA.
l

for i=l,N (4.52)

egr
l

< EGR. < egr
h

•

i i i

The package most suitable for solving this problem was LCMNA (Linearly

Constrained Modified Newton Algorithm) by P.E. Gill and W. Murray [G-l] .

The method basically involves finding the minimum of the function

projected into the subspace defined by the currently active constraints.

Adding active constraints as necessary and then determining whether

any constraint can be deleted from the active set after the minimum is

found

.

As it is not known beforehand which of the constraints are active,

the program arbitrarily selects some of the constraints to be active and

transforms the problem to an unconstrained minimization by redefining the

problem in a new base. The components of this base describe the linear

manifold created by the active constraints. Once the solution is obtained,

the Lagrangian Multipliers associated with the constraints assumed to be

active are evaluated. A negative value implies that the constraint is not

active and is removed from the active constraints. In addition the in-

active constraints are also checked and those that violate the solution

are introduced. After the active constraint vector has been updated, a

new vector base that describes the manifold created by the currently

active constraints is generated. If the gradient at the current point
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is close to zero, and none of the constraints are violated, the final

solution has been obtained. Otherwise, a minimization search along a

new direction takes place, and the whole sequence is repeated. The

Hessian matrix is checked to be positive definite at the zero gradient

point. A failure in obtaining a positive definite matrix means that a

saddle point has been reached and a new search direction has been esta-

blished.
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G. RESULTS

The optimization problem was solved as suggested in equation (4.55);

i.e., the values of the independent variables. AF, SA and EGR at the

optimal points as well as the fuel consumption and the emission levels

were evaluated for various values of AHC , ^N0 ’ ^CO*
The LaSranSian

Multiplier associated with CO can be set to zero because solving the

optimization problem subject to the HC and NO constraints drives the

engine into the lean side thus satisfying the CO level automatically.

The existence of only two Lagrangian Multipliers A „ and \ makes a
NO

graphical display of the results quite easy. The results can be plotted

with NO level as abscissa, fuel as ordinate, and HC
,
CO and the

independent variables as parameters. Each solution of (4.55) for certain

values of > and yields optimal values of fuel, HC, NO and CO

as well as the value of the independent variables, AF, SA, EGR, for the

10 set points. A point that corresponds to fuel and NO can be marked now

on the diagram. Each point is associated with certain values of HC, CO

and the independent variables. Points having the same parameter value

(e.g., HC) are connected, thus yielding lines of constant HC, CO, etc.

Drawing diagrams for any of the 30 independent variables could be quite

exhaustive and confusing. Therefore a single average was evaluated based

on the following formula:

N

£ (c
1
+c

t

1
i
)af.

i=l

N
£
i=l

u H

C
1

+
u H

(4.57)

with similar expressions for SA and EGR.
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Actually equation (4.55) has to be solved only 9 times because the

4
fourth point 2250/50 does not affect the urban cycle due to being 0.

As emissions are considered only in the urban cycle, all that is required

is finding the minimum fuel consumption at the point with constraints

imposed only on the independent variables. Once the solution has been

obtained, the fuel consumption of this point can be added to the general

expression (4.11) which is evaluated for any A^q*

As a solution for two types of converters is desired, as well as

the solution without any converter, the above procedure has to be repeated

twice. Solving (4.55) subject to the independent variable constraints

as given in Table 2-9 and evaluating the emissions using the coefficients

of the first two rows of Fig. 4-1 yields the solution for either the

NC (Non-Catalyst) case or for the OC (Oxidizing Converter) case. If a

solution for the TVVC (Three Way Catalyst) is desired, the bounds on AF

as given in Table 2-9 must be modified as the converter efficiency

strongly depends on fuel mixture. In this case the following relationship

is used

14.5 £ AF. <; 14.7 i = 1 ,N (4.58)
l

and the coefficients of the third row in Fig. 4-1 are used to evaluate

emissions

.

The optimization problem as defined in (4.55) was solved 86 times for

the NC and OC case and 96 times for the TWC cases. A typical computer

output for either the NC or the OC cases for \ = 0.01 and = 0.001
HC rJU

is given in Table 4-2.

The trade-off curves for the NC and OC case as well as CO level

and the value of the independent variables at the various optimal points

are given in Figs. 4-3 to 4-5. HC and CO differ only by the catalyst

efficiency while the mapping of the independent variables is the same.

The corresponding diagrams for the TWC are given in Figs. 4-6 to 4-7 *

The extremes of the regions appearing in Figs. 4-3 to 4-7 are found by

letting XHC
and/or ANQ

be zero.
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Fig. 4-3 HC AND CO TRADE-OFF CURVES
THE NON-CATALYST CASE
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CONTOUR LINES:

No optimal solution
beyond this line

All points below this
line are inferior to
points within the
contour

PARAMETER LINES:

Constant HC(gm/mile)
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-i I —A
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.
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Fig. 4-4 HC AND CO TRADE-OFF CURVES
THE OXIDIZING CATALYST CASE
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Fig. 4-5 AVERAGE AF, SA & EGR FOR THE NON-CATALYST (NC)

AND THE OXIDIZING CATALYST (OC)
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MPG
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I

Fig. 4-8 Two feasible solutions having the same fuel and HC levels.
1 is optimal, 2 is not.
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The uppermost point (A) corresponds to the unconstrained fuel con-

sumption, that is, A = A = 0. The leftmost point B corresponds to
rlv-' JMU

the point of minimum NO . The lowest point (C) corresponds to the mini-

mum of HC. The line connecting the point of minimum fuel with that of

minimum NO is found by holding = 0 and gradually increasing
HC CO

Anq
. Similarly, the line connecting the point of minimum fuel with that

of minimum HC is found by letting Arn = ANn = 0 and gradually increas-
vU llv

ing
^HC

*

The confined area represents therefore the loci of all feasible opti-

mal solutions. There are no solutions left of line AB (which is equiva-

lent to saying that there are no points having lower NO for the same fuel

consumption) because line AB is the optimal solution. Quite in contrast,

there are solutions to the right of line AC which are not optimal . Line

AC is composed of all points of minimum fuel consumption for a given HC

level. Therefore, the tangent to lines of constant HC is horizontal at

the points of intersection with the contour line AC. Had it not been so

we could keep moving along a line of constant HC upwards thus improving

fuel economy for the same amount of HC. Some combination of the control

variables can generate solutions right to line AC. These are non-optimal

solutions because there exists another point with less NOx for the same

amount of fuel and HC (see Fig. 4-8).

The zero slope of lines of constant HC at the intersection with line

AC could also be explained by using the relationship:

aj
o

“ 3c~
(4.58)

where is the performance index at the optimal point which is:

F
composite at optimum (4.59)

Note thatNote that F ..is the
composite

C is the constraint level

.

inverse of the fuel economy in Fig. 4-6 .

From the way line AC was constructed

NO along AC (4.60)
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Therefore substituting in (4.58) yields

^F
c3N0x

along AC

The ordinate in Fig. 4-5 is actually l/F but

d(l/F) = - ~
F
2

therefore

$F _ F
2
.^(l/F)

ONOx “ dNOx
Q

(4.61)

(4.62)

from which

^ (l/F)

/nOx
(4.63)

The 4.35 gm/mile NOx and the 5.69 gm/mile CO that correspond to

the unconstrained optimal fuel with no catalyst are quite close to the

figures quoted in other sources whereas the HC level of 7.95 gm/mile

that corresponds to this point seems somewhat higher. It was suggested

that this high figure is attributed to the shape of the sample line and

the way it is connected to the exhaust tube. The sample line is connected

to the exhaust tube approximately 20 inches downstream from the exhaust

manifold. This short distance and the heated line avoid any condensation

or any further oxidation that could take place had we tapped much down-

stream .

The HC-NOx tradeoff curves for the NC case are given in Fig. 4-3 from

which it is seen that the higher the HC level, the more efficient the

engine is running. It is possible to maintain the same fuel economy and

reduce NOx levels if the HC level can go up. Yet driving the NOx level

down while keeping the same HC value results in worse fuel economy follow-

ing the law of diminishing returns, while we move along a line of con-

stant HC in the right side of the diagram. NOx could be reduced
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substantially with only a moderate loss of fuel economy, whereas near

the left boundary any attempt to further reduce NOx results in substantial

loss in fuel economy. Similarly moving along a vertical line (constant

NOx) while trying to reduce HC yields the same behavior. Reducing the

HC level while holding the NO level constant results in lowering fuel

economy. Yet the lower the HC level is, a smaller additional improve-

ment is obtained for the same reduction in fuel economy.

The CO level is meeting the desired specifications in most of the

cases. Only in a small portion (see the shaded area in Fig. 4-3) does

the CO level exceed 15 gm/mile.

The change in the independent variables can be analyzed from Fig. 4-5.

Unconstrained fuel consumption is obtained for AF = 15.4, SA = 39.0 and no

EGR . Minimizing NO requires leaning the fuel mixture to 17.1, retarding

the spark to 29.8 and increasing EGR to 3.95. Minimizing HC requires en-

riching the mixture to 14.1, one might expect a lean mixture at the mini-

mum. Yet in some of the set points, minimization of the HC occurred for

lean mixtures, while in some other cases the solution was obtained for a

rich mixture. The weighted average yields a rich mixture. The SA must

be retarded further to 19, and only slight level of EGR is required

(0.29). Therefore reducing the HC for a given amount of NO results in

enriching the mixture retarding the spark and decreasing EGR.

The solution of the optimization problem by Auiler, et al., [A-l]

yielded similar results. The dynamic programming method was used to

evaluate fuel economy for the 2.3 liter engine in various emission

constraints

.

A 1.8/2. 3 gm/mile of HC/N0x resulted in fuel economy of 24.7 mpg

and average AF of 15.70.

Reducing NOx levels to 0.64 resulted in fuel economy of 19.5 and

average AF value of 15.28. A similar distribution of solution of the

suboptimal problems of points of constant speed and load with respect to

AF ratio was observed.

A similar analysis was performed for the three way catalyst (TWC

)

case (see Figs. 4-6 and 4-7). The confined region is smaller than that of

the NonCatalyst case because tightening the constraint on air fuel ratio
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decreases the region of possible solution. Only in a very small region

did the CO level exceed 3.4 gm/mile which justifies disregarding the

CO constraint (Fig. 4-6). The HC trade-off curves are quite similar in

shape to those of the previous case and the same analysis follows here.

The control variables behave similarly (Fig. 4-7). Reducing NOx results

in an increasing EGR, and reducing any of the constraints results -in

retarding the spark.

A detailed listing of the optimal fuel and emission levels as well

as the average of the control variables AF, SA, EGR for various values

of Arc > \,'o
^or both the oc and the TWC cases is given in Appen-

dix Figs. G-2 to G-4.
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V. CLOSED LOOP OPTIMAL CONTROL

A. INTRODUCTION

Internal combustion engine fuel consumption and emission levels

are known to be sensitive to mechanical degradation and environmental

changes. A survey done by NHTSA [b-4] revealed that fuel consumption

can decrease as much as 11$ after tun-up, while HC and CO can decrease

by 22$ and 12$ respectively. Another survey made by Champion Spark

Plug Co. [w-1 ] revealed a high percentage improvement of emission levels

after tune-up; for example, CO could decrease 45$ in idle and 25$ at

55 MPH and HC could decrease 60$. Fuel economy increased 11.4$ after

tune-up.

The traditional open loop systems controlling spark advance,

air/fuel ratio and exhaust gas recirculation cannot compensate for

mechanical deterioration or for external disturbances. A closed loop

system which continuously monitors engine performance and changes the

control variables as needed is likely to reduce these effects.

Direct emissions measurements as the feedback signal are most

desirable. However, this idea is impractical due to a lack of inex-

pensive reliable sensors. As a result, another measurement which re-

flects engine performance has to be used. The pressure trace is a good

candidate for such a measurement. It was found in [h-3] that maintaining

the angle that corresponds to peak pressure at 15°ATDC, by changing the

spark timing as required, keeps the engine operating at best fuel economy

regardless ox external disturbances. No attempt has been made so far

to use this signal in the closed loop control of an engine over a speed-

load range to minimize fuel consumption subject to emission constraints.

This chapter presents a design of a closed loop scheme, using the

angle that corresponds to peak pressure as a feedback signal, to keep

the engine operating optimally regardless of external disturbances.

This closed loop scheme holds over a wide torque-speed range and will

minimize fuel consumption for given emission constraints.

The peak pressure angle (0
pp

) is more directly related to pressure

history than spark timing. Therefore this angle can be used as a feed-
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back signal for spark control.

The measured angle is sensitive to changes in spark timing over

a wide spark timing range. Usually, 9 changes roughly the same as
PP

spark timing. This relationship holds for wide spark timing regions

except for very retarded spark timing for which 0 decreases as

spark timing is retarded. This phenomenon imposes a limitation on the

closed loop control, using 9 as a feedback signal, for tight emis-
PP

sions which require retarded spark timing.

Reasons for using the pressure trace, as well as the control logic

and the hardware to measure the feedback signal, are given below. The

limitations imposed on the closed loop scheme are also discussed.

The uneven air and fuel distribution among the cylinders can cause

different optimal solutions for the various cylinders. A variation in

the peak pressure angle of the individual cylinders might prove the

existence of an uneven mixture distribution and the need for individual

cylinder spark control. Some peak pressure angle measurements of the

individual cylinders and a discussion of the possible individual cylinder

controls are given below.

The chapter concludes with an analysis of the sensitivity of both

the open and the closed loop systems to a humidity increase which can

be regarded as a representative disturbance applied to the engine.
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B. THEORETICAL BACKGROUND

Most of the current internal combustion engines are equipped with

open loop systems. A definition of an open loop and closed loop system

and the benefits of a closed loop system are given below. A pressure

trace history is known to reflect engine performance as will be shown

later.

1. Open Loop vs. Closed Loop Systems

In open loop control systems the output has' no effect on the

control action. The input/output relationship is shown in Fig. 5.1.

JNPUT
CONTROLLER

OUTPUT

Fig. 5.1 Open Loop Control System

r

The input/output relationship depends on the controller calibration.

Any error in the calibration or any disturbance will change the output.

The output is not compared with the input. Therefore there is no way

to compensate for the errors.

In a closed loop control system (Fig. 5.2), the controller is

directly affected by the output signal. The output or its derivatives

INPUT 0
1

CONTROLLER
OUTPUT

PLANT

MEASURING
ELEMENT

Fig. 5.2 Closed Loop Control System
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are compared with the input, and it is the error which is the difference

between the desired and actual values that drives the controller to

reduce the error.

The great advantages of the closed loop system are the elimination

of the precise calibration of the controller and the reduction of the

system sensitivity to disturbances and to variations in system para-

meters.

The traditional spark timing system, for example, is an open loop

control system in which spark timing is determined by engine speed and

load. Centrifugal weights provide the desired spark advance as engine

speed goes up by advancing the distributor base. The required retard

in spark timing as load goes up, is provided by the inlet manifold pres-

sure which acts on the distributor base. This is an open loop system

because no attempt is made to measure engine performance and to correct

for any deviation.

2. Cylinder Pressure Signal

The fundamental control being accomplished by spark advance

is the positioning of the pressure time history with respect to crank

angle. The location of the peak pressure (0 ) in the engine cycle

is more directly related to this pressure time history than spark timing

as was shown previously Eh-3],

Furthermore, the value of that corresponds to an optimal

engine setting is less sensitive to external disturbances or to variations

in engine operating conditions than the actual spark timing. These

features of 9 make it superior for spark timing control than other
PP

known schemes.

Figure 5.3 a-c show typical pressure traces for spark timings

of 30° 20° and 10°BTDC. The marks on the top represent the timing marks

of 60°BTDC and 120°ATDC. As seen in Fig. 5.3, the pressure trace has

a flat part that corresponds to the intake stroke where the piston

moves down and a fresh charge is admitted. Pressure builds up as the

piston goes up and both the intake and exhaust valves are closed. The

slope of the trace becomes steeper when the spark is ignited and the
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.5V

5V

0.5V

22

60°BTDC
TC

e
PP 120 ATDC

Fig. 5.3 Cylinder pressure traces for various spark
settings (40/1500 lb ft/rpm, AF/EGR = 12.5/0)
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TC

Fig. 5.3 (cont.) Cylinder pressure traces for various
spark settings (40/1500 lb ft/rpra, AF/EGR = 12.5/0)

e
pp

increases as spark timing is retarded up to

a point beyond which 6 starts to decrease.
PP
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trace reaches its peak a few degrees ATDC. Pressure declines thereafter

due to the expansion stroke and to the opening of the exhaust valve

(see Fig. 5.3 a).

Figure 5.3b follows this pattern. When the spark is retarded to

20°BTDC, peak pressure timing moves roughly the same amount. The shape

of the pressure trace changes when spark timing retards, peak pressure

decreases and the gradient goes down, since the pressure build-up due

to the combustion process is counteracted by the downward movement of the

piston in the expansion stroke. When spark timing is retarded greatly,

the distinct sharp peak disappears (Fig. 5.3c) and the relationship

between 6 and spark timing is different than that for advanced spark

timing.

Engine performance can be detected from various features of the

pressure trace. The angle that corresponds to peak pressure can be

measured more conveniently as opposed to peak pressure amplitude which

requires sensor calibration. Any change in engine performance which is

reflected by a change in the pressure trace can be detected by measuring

9 . External disturbances and mechanical deterioration can contribute
PP

to such changes. Typical examples of external disturbances are changes

in humidity, ambient pressure and temperature; whereas examples of

mechanical degradation are changes in air/fuel ratio, deposit build-up,

etc. An increase in 9 implies an increase in fuel consumption since
PP

it indicates a slower flame which causes fuel consumption to go up. A

decrease in 9 implies an increase in emissions since it indicates
PP

a faster flame. The faster flame brings up combustion temperature

which is essential to the formation of NOx. Therefore maintaining 9
PP

in its nominal value is likely to reduce the external disturbances and

mechanical deterioration effects both on fuel and emissions.
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Ref

C. CONTROL LAW

An optimal closed loop scheme for a wide torque and speed range

is desired. A control law maintaining the engine in MBT in a constant

load/speed point was presented in [h-3]; the angle that corresponds
o

to peak pressure is held roughly at 15 ATDC by changing the spark

as needed. The angle can also be used as a feedback signal over a wide

torque/speed range while accounting also for emission constraints. The

control law will be derived over the EPA cycle since it is convenient

to base the derivation of the closed loop on the results obtained from

the optimization solution.

The control law will be derived for a particular level of emissions,

yet the method of solution is quite general and can be adopted very

easily to other levels of emissions. Each optimization solution is

the minimization of fuel consumption over the EPA cycle subject to

emission constraints and is associated with optimal values of the control

variables and the feedback signals. The optimal control variables are

AF, SA and EGR at the 10 load/speed points, and the feedback signals

are the values of 9 that were measured with the controls tuned to
PP

their optimal values under nominal conditions.

A local control strategy controls the engine at one of the 10

torque/speed points (see Fig. 5.4). A local control strategy is as

Fig. 5.4 A local peak pressure controller for constant torque and speed
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follows: air/fuel ratio and exhaust gas recirculation will be set to

the nominal values found in the optimization solution and spark advance

will be adjusted to keep 9 in its optimal value. As discussed
PP

earlier, this optimal value corresponds to a particular emission level.

Applying this local control strategy to all the torque/speed

points, where 0°pt at each point is determined by the optimal solu-
PP

tion will provide optimal closed loop control in these discrete points

but not at any intermediate torque/speed values. A control law over

the engine operating range can be determined by finding a general
opt

relationship between the feedback signal 0 and some engine para-

meters such as torque, rpm, inlet manifold pressure, power, etc.
, that

includes the optimal solutions at all points. This can be done by fitting

some function to the measured values of the feedback signal. The

accuracy of this function depends on the number of measurements. The

EPA cycle is approximated by running the engine at 10 torque/speed

points. An increase in this number will improve the accuracy of this

expression. When an expression relating the optimal feedback signal

to some measured engine parameters is found, the local control law can

be expanded by continuously updating the reference value of 9
PP

RPM

1

NOVA or Microprocessor Controlled

Fig. 5.5 An optimal closed loop peak pressure controller. Spark
advance controller changes spark timing when 9 deviates from
the desired reference value.
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This updating process follows the relationship obtained in the function

fitting discussed above (see Fig. 5.5).

D. PEAK PRESSURE TIMING DETECTION CIRCUITRY

The angle that corresponds to peak pressure was detected by an

electronic circuit, the schematic of which is shown in Fig. 5.6.

The cylinder pressure is converted into a voltage by a piezoelec-

tric transducer which is installed between the spark plug and the engine

head. This signal is amplified and fed into the first card which gener-

ates a pulse that corresponds to peak pressure. The second card gener-

ates a voltage which is proportional to the time between a reference
o

mark on the crankshaft - 60 BTDC and peak pressure. This analog signal

is directed to the NOVA which converts it to degrees by considering

the engine speed as well.

The piezoelectric transducer was built according to K.W. Randall's

recommendations [r-4 ] . The sensor is composed of a piezoelectric ring

held between two electrodes which are embedded in an insulating material

(see Figs. 5. 7-5. 8). The PZT-5A piezoelectric ceramic composed of lead,

zirconium and titanium was selected because of its high sensitivity

(voltage to strain ratio), high time stability and resistivity at

elevated temperatures with Curie point of 365°C. The electrodes were

made of copper for good conductivity. Ground is provided by the elec-

trode which is in contact with the engine head. The other electrode is

positive in the sense that pressure build-up in the cylinder that

relieves the pretorqued load on the sensor generates positive voltage

with respect to engine ground.

The insulating mold material selected is Kinel 5514 which is a

fiberglass reinforced polyimide plastic able to withstand high tempera-

tures and corrosive environments having a heat distortion temperature

of 350°C. The various parts of the sensor are held together by a

high temperature epoxy.
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HIGH TEMPERATURE GROUND RING INSULATING HOUSING
EPOXY COPPER KINEL 5514

PZT PRESSURE TRANSDUCER

Figure 5.7
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PRESSURE TRANSDUCER MOUNTING ON ENGINE HEAD

Figure 5.8



The signal is conducted in a teflon coaxial cable selected for its

high temperature resistance. The shield was grounded to reduce inter-

ference from the spark plug high voltage. As this shielding was not

sufficient, the spark plug wires were also placed in grounded copper

braids. Discontinuities in the pressure trace could be detected at

points corresponding to spark plug firings.

1. Preamplifier:

The preamplifier is built of a RCA 741 operational amplifier

with 2 FET amplifiers on the input side both on the signal line and the

ground line to reject the common mode. The PZT element is a voltage

generator with essentially no current; therefore, a voltage follower

circuit providing the right current is required. The preamp circuit

has a voltage gain of 1.5 (seee Appendix HI).

The high resistance of llOMft on the input side between the signal

line and the ground is required to avoid any signal distortion.

The PZT element can be regarded as a voltage source V (.see

Fig. 5.9) with capacitance C. This capacitance together with the

capacitance of the coaxial cables C T
and the high impedance resistor

li

R form a high pass filter having a transfer function of:

V
0 SCR

\o
=

1 + SR(C+IV

Fig. 5.9 PZT Sensor Electric Schematic
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0 S'CR
1+SR (C+C )L

_C ~0

C +C
T 1 + S/co
jL* O

where

1
w
0 ~ R(C4C

l
)

’

V = sensor output voltage;

V = circuit output voltage.

(5.1)

This circuit acts as a high pass filter which behaves like a

differentiator for frequencies less than and as a pass through

filter for frequencies higher than w^. It would have been preferable

to set (jOq = 0 to avoid any signal distortion. However, the break

frequency is inherent in the circuit design; therefore, it is desired

to drive as low as possible to reduce the signal distortion

effects.

Typical values of the sensor and coaxial cable capacitance are:

C = 440 PF

C
T = 90 PF (5.2)
i_!

R = 110

Therefore substituting in (5.1) yields

or

Wq = 16.95 rad/sec

0
2 . 7 Hz .

Equation (5.1) will be:

S/16.95
0. 85

1+ S/16.95
(5.3)



This frequency is 5-10 times smaller than the engine speed, therefore

no signal distortion is expected.

The high frequency gain is found by letting w go to infinity

in (5.1) which yields

V,

CO
C+C. 1+C _/c

L
(5.4)

From this it is concluded that the pass through gain may vary when

sensor capacitance changes. The breakpoint co^ evaluated in (5.3)

was found for typical C values. The smallest values of C did not

differ considerably from 440 PF assumed in (5.2); therefore, no

significant distortion of the sensor voltage is expected.

The level of the output signal can be controlled by an attenuator

which is installed on the output line. This was done to match the signal-

to-noise ratio in various signal levels, as will be discussed below.

2 . Peak Detector :

This device outputs pulses that occur at peak pressure (see

Appendix H2). The pressure signal is differentiated and filtered to

attenuate the noise by a low pass filter having a breakpoint of 482 Hz

and a slope of -40 db/decade for higher frequencies.

The differentiator and filter transfer function is given by

where

0

= 10.4
S/w.

(1+S/u) )

V

V

co

0

is the output voltage;

is the input voltage;

is the breakpoint.

(5.5)
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The total transfer function from the sensor to the differentiated

signal is the product of (5.3) and (5.5) which is

V V V (S/u) )(S/w )— = — X V“
= 8 ‘ 71 3 * (5 * 6)

CO CO 0 (l+S/w
0
)(l+S/o)

1
)

The bode plot of this transfer function is given in Fig. 5. 10. was

selected to meet the requirement that the first few harmonics of the

pressure trace would not be filtered out. The pressure trace frequency

roughly matches engine frequency. Therefore, at 3000 RPM, which corres-

ponds to 50 Hz, this requirement will be met. The lowest speed,

750 RPM or 12.5 Hz, will still be above the sensor breakpoint.

The noise frequency is assumed to be at least 50 times higher than

the engine speed, which means that it will be around 600 Hz for the

lowest engine speed. This guarantees the noise attenuation.

The differentiated signal is detected for a zero voltage crossover.

Both the signal and the reference voltages are fed into an amplifier

which goes into saturation when these two values are not equal. The

sign of the saturated voltage depends on relative magnitudes of the

signal voltage to the reference voltage which was set to be zero. A

Zenyr diode arrangement on the output side keeps the output voltage

from going into saturation, but rather sends it to -0. 6v when the signal

is less than 0. 16v and to +4. 7v when the signal becomes positive again.

This hysterysis was introduced intentionally to eliminate system response

to noise. The threshold voltage of 0. 16v guarantees that no false

triggering will occur when the differentiated noise signal is equal to

zero, due to the fact that the noise level is small compared to that

value. The signal noise can be adjusted by the preamp attenuators so

the noise level will be maintained below the threshold level (see

Appendix HI).

A typical pressure trace, its derivative and the associated peak

pressure pulses are shown in Fig. 5.11. The pressure trace, the peak

pressure pulse and the timing mark corresponding to 60°BTDC are shown

in Fig. 5.12. T-^ denotesthe time corresponding to peak pressure measured
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Peak Pressure
Signals

Peak Trace
Derivative

Pressure
Trace

Fig. 5.11 Typical pressure pulses and the associated peak pressure
signals (38/1500 lb ft/rpm)

,
AF/SA/EGR = 12.5/30/0)

2 msec

Pressure
Trace

Timing Mark

Peak Pressure
Signal

Real Time 1 msec Signal

Measured Time = T^ lag Time

Fig. 5.12 Peak pressure timing (38/1500 lb f t/rpm,
AF/SA/EGR = 12.5/20/0)
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from the reference signal. It can be seen that the upgoing edge of

the peak pressure signal lags beyond the peak pressure by 1 msec. This

time lag is introduced into the signal by the noise attenuation filter.

The 1 msec value was found to be almost the same over a wide range of

torque and speed and was accounted for in the conversion from time to

degrees as will be discussed below.

3. Peak Angle Measurement:

This circuit outputs a voltage which is proportional to the time
o

between the timing mark of 60 BTDC and the upgoing edge of the peak

pressure signal. The relationship between this circuit and the other

circuits is shown in Fig. 5.6. The circuit schematic is shown in Appen-

dix H3. The output signals are directed to the NOVA minicomputer. The

input signals are the peak pressure pulses and the timing marks.

As can be seen from Fig. 5.13 there are 4 timing marks between

any two peak pressure signals, since two engine cycles are required for

each thermodynamic cycle with each cycle delivering 2 timing marks at

4 12 3412 341

Timing
Marks

Peak Pressure
Signals

Pressure
Trace

20 msec

Fig. 5.13 Timing marks and peak pressure signals
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60 BTDC and 120 ATDC. Therefore a circuit capable of distinguishing

the appropriate timing mark is required. A negative constant voltage

is integrated starting at 60°BTDC and terminated when peak pressure

occurs, resulting in an output which is proportional to the time between

these two events.

A digital counter is used to select the appropriate timing mark.

The counter is reset by the peak pressure signal. The timing marks are

counted from this event. Therefore count number 4 triggers the integra-

tion which will be terminated by the peak pressure signal. Count num-

ber 2 latches the integrator ourput to the hold circuit and count

number 3 resets the integrator making it ready for the next round.

Therefore the output voltage is latched only one quarter of the time.

A filter and an amplifier serve as a hold circuit to smooth the

integrator output. The filter time constant was chosen to be 0.5 sec

so it would be able to absorb the integrator output discontinuities,

yet be compatible with the NOVA 10 Hz sampling rate.

The circuit gain is 3 msec/v which means that each volt measured

by the NOVA corresponds to 3 msecs.

4. Peak Pressure Angle Calculation

The crankshaft angle that corresponds to peak pressure can be

found by combining the time-to-peak pressure measurement with the engine

speed. The time in msec of one engine cycle is:

60000
RFM

(5.7)

The time in msec between 60°BTDC and peak pressure signal is

determined by the gain of the circuit and is given by

't

1 = 3V (5.8)

where V is the output sampled by the NOVA. The actual time-to-peak

pressure must be corrected for the peak pressure signal lag effect

(see Fig. 5.12) yielding:
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3V-1 (5.9)T
1

Therefore the angle a in degrees between 60°BTDC and peak pressure

is

a • 360 (5. 10)

The final expression for Ct can be found by substituting for T

and from (5.7) and (5.9) yielding:

a - 0.006 RFM (3V-1 ) . (5.10)

The NOVA A/D converter has 11 bits. Therefore 10V corresponds to 2048

or:

IV 204. 8

combining that with (5. 10) and subtracting 60 yields the angle corres-

ponding to peak pressure measured from TDC

:

®
Pp

= °- 006 (20b - x

)
x R™ - 60 (5 - n>

where I is the integer read by the NOVA. The resolution can be found

by letting I = 1 in (5.11) yielding:

= 0.006/204.8 * RPM = 0.03 deg/1000 rpm
PP

which is quite satisfactory.
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E. RESULTS

1. Optimal Peak Pressure Angle Analysis

An optimal closed loop scheme was derived for a desired emis-

sion level of HC/CO/NO = 2/15/2 gm/mile without any catalytic converter.

As discussed in Chapter IV, any optimal solution is associated with some

values of Lagrange multipliers A^ ,
and A^

Q
. The ^esi-red emissions

level is quite close to that of A^ = 0.03 and A^
Q = 0 as given in

Table 5-1 yielding HC/C0/N0 of 2.174/8/2.03 gm/mile and fuel consump-

tion of 19. 52 mpg. A detailed solution of the 10 individual torque

and speed points is given in Table 5-1. The angle that corresponds to

peak pressure was measured at these 10 points while tuning AF, SA and

EGR to the optimal settings outlined in Table 5-1.

The angles measured at these various points are given in

Table 5-1. The measurements vary between a few degrees ATDC to 3Q°ATDC.

The optimal setting of point number 4 (50/2250 lb ft/rpm) is at the
4 4

point of best fuel economy because = 0. 0 was found to be

20°ATDC which is close to the value stated in [h-3] for best fuel

economy. 0 that corresponds to high power points varies between

20° to 30° because the spark timing 0 of the low power points was
o PP

usually below 20 ATDC. This does not indicate spark timing advanced

from MBT but rather spark timing retarded to the region where the

relationship between spark timing and peak pressure angle reverses and

a double peak in the pressure trace can be noticed (see Fig. 5.3 c).

0^p
is measured at the first peak, therefore yielding values of only

a few degrees.

The relationship between 0 ^
and spark timing for two levels

of torque of 20 and 40 lb ft at 1500 rpm is given in Fig. 5.14. Retard-

ing the spark timing from an advanced setting increases 0 , as dis-

/?£.
' P

cussed above, with a slope PP!

bSA/
of 0.67 for 40 lb ft and a slope of

0.4 for 20 lb ft. As spark timing is retarded beyond a certain point,

the slope becomes negative meaning that 0 goes down as spark timing
PP

is retarded. The transition point depends on torque and occurs at more

advanced timing as torque goes down since the pressure trace loses its

139



Lagrange

Multipliers:

CO
o o o
o o o
ii n ii

o o o
,<

"

o o o O o 00o o o o CO r- CO mo o o CO m o o t- CD o oH rH in - • • • • • • • •

ca in o o CM CO o o o
rH rH

o o o CM CO CO CM

ci
o o o rH m rH rH

o in o o CD rH t- rH CM
rH o • • • • • • •

I CO ca o o CO CO o rH
rH r~i rH rH

CO
CO CO o o CM TT om CD •xr o CO rH CD CD

cm o CM a> CD o r- CD • rH
! CO b- o • • • • • • CO •

CD o CO CM o o CO CM CO Ol
CM r-H CO CM rH rH c- CM

CO r- o CO CD CM o
i> CO CM rH CM in CD CO

in O CD CO O CM CO CO CD CM Cl
CO o •

m O 0- CM CD O t" CD CO rH
CM rH CM CM CO in

o 00 o CD CD CO oo o CO o m O CM CD
o o rr o o o rH r- CD

CD CM o • • • • • • • • O -

in CO o o CD CO rH rH
rH rH rH CO

CD CD o CO r-H co oom S> O o rH CM CD CD
to CO o o r- CD o r- CO CD CO

CO o • /H
CD CD m-* in o rH CD CO CO rH w
CM rH rH CO rH rH CO CM CM -p

•H
in o o o o o

CD o o o o o ao O CO CD t'- o <D o o o CO
m in • • • • • • • • • o

CM rH CD rH o o o o o o r~*

CM CM rH rH CM
<1>

G
CD o CD CO r- CM CD P

CD in o o rH CD m
CO m o CO CM o rH r* o CO

o • • • • • • • • • o
rH o m m CM CD 00 CD rH
CM CO rH rH rH rH CO CO ©

bO
g3

o o O co m r- 00
00 o o o CD CD CM CD 0)

in O CD CO o o CD CO CM ca >
CXI cm O • CC

CO CO CM o o 00 CD CM CO
rH rH rH 'O

©p
o o CM rH rH J5

CD CO o o 'sT CO CD to
o O CO o o CO m CD • CD r- •H

rH in O • • • • • • • * • ©
l''* CD in o o rH co in CD co
rH rH rH rH rH rH rH r-S

C
o

JS -aG ©
P3 CO

< aJ
*—

*

CS % W
X

< g 3
> xi CD CQ CC

rH bO < < P
H G KH Pi r-\ >-« r\ rH
2: P iH e. x: O CJ O K u 3w «H & 6 < \ © O <D 3 Q CO

Q Ft •rH > X cn CO tn > H ©
55 a H rH \ \ \ < u
PJ O u H be bi bfl caw P- 3 u a: G E E E o ©

CO Uj a0 © P a rH CO +-» rH
< c p

S
Cl ca t o X a a O

u o o PH a o 3 O o O tc o a >>
»—

l

H cs P-4 < CO w c Ih 35 u 55 o

©
rH
*tH

E
V.
E CO CO
b£ o ow • •

X CM CM
o

r-s.

©
rH
•rH CO o

CD CD\ CD CD
E Cl CO
tuo • •

t- T?

oo

ai

•HI

•H

F cd m
co co

E t>- <D
Eb rH CD
'w' • •

o CM O
ac

-r\

bo rr
G. o o

CM CM
V/ tft m
G • •

w CD CD
G rH rH

P
cn

>*
rH
CJP

X C5P ©P
> tc

c
O *H
c. ca

© -rH -rH

c a -a
rH rH -rH

Fa x
C cl o

_ia t

w
+->

c

o
a
X3
a>

©
a
Cfi

•a
(3

O
©

•H
s

©
JC
4J

i
03

Gj

00

m
4J

3
a

03

«H
0

X
o
jz;

o
KXJ

c
gs «h

o
©
3 E
•H ©
bfl r-*

C X!
© O

G
- a

cn

©
i—

i

Q
<3

•H
G
ci

>
4-J

G
©
XJ
G
©

G
O
•H
-l->

GJ

N
•rl

E
•rl

4->

a
o

©
.G

a -*->

©
X3 G
C O
l-l *H

I

LO

w
>-3

m
<H

140



e !•

.

pp
ATDC

: : : I i

vs. Spark Advance,’

(1500 rpm, AF/EGR = 12. 5/0) T

-lb ft

lb ft

:

“i-

141

12 SA

BTDC



!

distinct sharp peak in more advanced spark setting as torque goes down.

The substitution of the sharp peak by a flat trace or a series of

several peaks decreases 9 as discussed above.
PP

The spark timing that corresponds to the change in slope of 9
PP

vs SA is not affected very much by engine speed.

The angles of peak pressure that correspond to the optimal

solution serve as the reference values in the closed loop scheme as

discussed in Chapter 5.3. A closed loop scheme over the entire operating

range is desired at more than the 10 discrete torque and speed points.
.opt

Therefore a function relating 0 to some measured engine quantities

is required. Engine speed, torque, power and inlet manifold pressure

are good candidates for such measurements. After trying this condition

it was found that 9
opt

PP
can be expressed best as a function of the

.opt
engine power. A function relating 9 to engine power was fit to the

Pgpt
data, from which the expression for 9 is

PP

9
PP

0.3 + 0.435 55 + 76.

5

40 Q - 38 - 79 (I)
- 89 - 25(I) ‘ 5 - i2 >

This function is compared with the data in Fig. 5. 15. The closed loop

scheme will be as follows: the reference peak pressure is determined

by the controller according to (5.12) whereas the engine power is

determined from torque and speed measurements. This angle will be kept

constant, as long as the engine power remains the same, by changing

the spark timing as necessary. When a change in engine power is detected

the reference value of 9 will be updated according to (5.12) and
PP

the spark timing will be changed until 9 assumes the reference value.
PP

The control scheme is given in Fig. 5. 5.

opt
The expression of 9 was derived for a particular emission

PP
level, whereas the optimal solution corresponding to the selected emis-

sion level depends on the range of the independent variables. The

optimal spark timing of some of the low power points is 10°BTDC which

is the limit imposed on SA (see Table 2-9). Had this boundary not been
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Fig. 5.15 0°^ vs. Engine Power for HC/CO/NO of 2.12/8/2 gm/mile.
PP

Measurements were taken at various operating points with

the controls tuned optimally. The parameters are speed/torque

(rpm/lb ft).
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set so close to TDC
,
the phenomenon of 0 reduction as spark retards

would have been eliminated, and the lower portion of the graph in Fig.

5.15 would have been lifted. The desired emission level affects the
opt

optimal solution, which in turn affects o . Very tight emission

constraints will require spark timing retarded into the double peak

region where the control law cannot be implemented. A detailed dis-

cussion of the control limitations is given at the end of this section.

The shape of the function relating 0
opt

PP
to engine power changes with

emission level. Only 0 that corresponds to 50/2250 lb ft/rpm
PP

remains the same because this point does not represent any part of the

urban cycle and the spark timing is always at MBT with 0

20°ATDC.

opt

PP
equal to

The relationship between 0°^ and engine power varies with
PP

the emission constraints. The range of variation is between the uncon-
opt

strained case and the tightest level of emissions. The values of 0
PP

and the control variables for the unconstrained optimization problem

(Ajj
C = A^ = A

c0 = 0), which is the best fuel economy without any

emission constraints, are given in Table 5-2. The engine was run at

the 10 load/speed points with the controls tuned as listed in Table 5-4.

opt opt
Figure 5. 16 depicts 0 vs engine power from which 0 is confined

PP
Q PP

to a narrow region around 20 ATDC. The only exceptions are the lowest

and highest power points for which 0°^ are 30° and 27°ATDC respec-

tively. The peak pressure angle at the lowest power point is not used

as a feedback signal, since the pressure trace is very low and the peak

pressure angle hardly depends on spark timing.

The deviation of 0°^ at highest power point from the

average value of 21° over all points is due to the poor quality of fit

of the fuel function at 85/2500 lb ft/rpm. The spark timing for best

fuel economy, based on the predicted function is 26°BTDC (see Table 5-2).

The actual spark timing for best fuel economy with AF and EGR tuned as

listed in Table 5-2 is 32°BTDC. As changes in spark timing shift the

peak pressure angle roughly the same amount, the peak pressure angle of

the predicted spark timing of best fuel economy will be retarded from

the peak pressure angle of the actual spark timing of minimum fuel
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consumption. The 27 ATDC peak pressure angle was measured for spark

timing of 26 BTDC, Therefore the peak pressure angle that could be

measured for spark timing of 32°BTDC is around 21°ATDC.

Figure 5.17 depicts the superposition of both 0°pt vs engine
PP

power curves; the curve that corresponds to the unconstrained optimiza-

tion and the curve that corresponds to HC/CO/NO of 2.17/8/2 gm/mile.

The area between these two curves indicates the range of variation of

the 3 function as emissions change.
pp

ATDC

Fig. 5.17
.opt
3 vs Engine Power for the unconstrained and the constrained
PP
solutions of IlC /CO/NO of 2.17/8/2 GM/Wilo.
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The change in engine controls also depends on the level of

constraints. The amount that spark has to be retarded from MBT as a

function of engine power for the particular level of emissions discussed
'

above (HC/COAO = 2.17/8/2 gm/mile) is given in Fig. 5.18. Spark

only a few degrees for the high power points. The composite fuel con-

sumption as defined in the optimization procedure (Chap. IV) is evaluated

both over the urban and the highway cycle, whereas emissions are

evaluated only over the urban cycle. Usually the ratio between the urban

and the highway coefficients (see Table 2-8) is large for the low power

points and is low for the high power points. High ratio means tighter

emission constraints requiring more retarded spark to meet the emis-

sion constraints, whereas low ratio means loose emission constraints

requiring small spark retard from MBT.

timing is retarded considerably in the low power region and is retarded
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Fig. 5.18 Spark Retard from MBT vs Engine Power for

HC/CO/NO of 2. 17/8/2 gm/mile for various points of
torque/speed (lb ft/rpm).
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2. Feasibility Analysis of the Closed Loop System

The closed-loop controller that minimizes fuel for given

emission constraints over a wide torque/speed range cannot be implementei

for any desired level of emissions. As discussed earlier, tight emissioi

constraints require retarded spark timing which drives the engine into

the region where the relationship between spark timing and peak pressure

angle reverses. Naturally, the engine cannot be controlled under such

conditions.

The closed-loop control scheme over a wide torque/speed range

was derived for the EPA cycle approximated by running the engine at 10

points of constant torque/speed. Spark timing is not retarded equally

at all the discrete load/speed points as emissions are tightened.

Usually it is retarded more at points having larger urban coefficients.

Therefore the number of constant load/speed points for which spark is

retarded into the uncontrollable region grows gradually as emissions are

tightening.

The total feasible solution range of the optimization problem,

both for the Non-Catalyst and the Three-Way Catalyst, as given in

Figs. 4. 3-4. 7 can be divided into 3 regions which are as follows

(Figs. 5.19-5.20):

REGION 1: this includes emission levels for which the optimal

closed loop scheme using peak pressure angle can be implemented over

the engine operating range that approximates the EPA cycle. Spark tim-

ing never gets into the uncontrolled region.

REGICN2: this includes optimal solutions for which spark

timing is retarded into the uncontrollable region for a low number of

points of constant load/speed approximating the EPA cycle. The control

law can still be implemented for this emission level provided that

spark timing would not be retarded into the uncontrolled region. This

restriction will result in an inferior solution to the optimal one since

not retarding the spark timing all the way to the optimal value at a

few load/speed points results in increased emission levels and de-

creased fuel consumption. Region 2 includes all the solutions for which
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- * * _ t
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Fig. 5-19 Fully controlled, partly controlled and non-controlled
regions of the NonCatalyst optimal solution
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cycle with 25$ increase of HC

f

15$ increase of NO and 3$
decrease in fuel consumption.

PARAMETER LINES:
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control is not implementable due to
spark retard into the uncontrolled
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I
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NOx
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5 20 Fully controlled, partly controlled and non-controlled regionsof the Three Way Catalyst optimal solution
°
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the restriction on spark timing will increase the composite HC by not

more than 25$, the composite NOx by not more than 20$ and will decrease

composite fuel consumption by 2$ for the NonCatalyst system. The Three-

Way Catalyst system will yield similar results. HC and NOx will increase

by 25$ and 15$ respectively, whereas fuel consumption will decrease 3$.

REGION 3: this region includes the optimal solutions for the

tight emission levels for which the optimal spark timing is in the

uncontrollable region for a substantial portion of the EPA cycle. There-

fore restricting the spark timing from being retarded, as suggested in

Region 2, will result in a high penalty on emissions. This means that

the engine cannot be controlled in this region efficiently.

The boundaries between the regions were found as follows. From

Fig. 5.14 the reverse in the slope of 0 with respect to spark timing

occurs at 20°BTDC for a torque of 20 lb ft and at 24°BTDC for a torque

of 40 lb ft. Each optimal solution given in Appendix G2 for the Non-

Catalyst and in Appendix G4 for the Three-Way Catalyst is associated

with optimal tuning of the engine at 10 load/speed points. As emissions

are tightened the points of constant load/speed to be retarded first

into the uncontrolled region are 50/1700 and 75/2100.

Therefore, Region 1 includes all the optimal solutions for which

the optimal spark timing at any portion of the EPA cycle is not retarded

beyond 24°BTDC. Region 2 includes all optimal solutions for which

restricting the spark timing for being retarded more than 24°BTDC does

not increase HC by more than 25$ relative to the original optimal solu-

tion. The increase in emissions was evaluated by letting air/fuel ratio

and EGR be equal to their optimal values and by evaluating the increase

in emissions as spark is advanced from the optimal solution to the con-

straint of 24°BTDC. Region 3 includes the rest of the optimal solutions

not included in the other two regions.

The boundary lines between the various regions, as appearing

in Figs. 5-19 to 5-20 are very close to lines of constant HC. Therefore

the optimal region can be divided to fully controlled, partly controlled

and uncontrolled regions according to the HC level. The constant HC
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line of 5.5 gm/mile separates Regions 1 and 2, whereas HC line of 3.8

gm/mile for NOx values down to 1.25 gm/mile and gradually increasing HC

values up to 6 gm/mile for smaller NOx values separates Regions 2 and 3

of the Non Catalyst system.

The boundary lines for the Three-Way Catalyst system are as

follows: the boundary line between Regions 1 and 2 increases from 1.1

gm/mile of HC to 1.4 gm/mile as NOx decreases. The boundary line

between Regions 2 and 3 increases from 0.98 gm/mile of HC to 1.2 gm/mile

as NOx levels decrease.

The above analysis of the division of the total accessible

emission region to controlled, partly controlled, and non-controlled

regions corresponds to a particular Ford engine with a particular emis-

sion devices configuration. The boundary lines between the various

controlled regions also depend on the catalyst efficiency assumed in

Chapter IV. Therefore the way the accessible emission region is divided

into controlled, partly controlled and non-controlled areas might be

entirely different for other configurations of engines and emission

devices.
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3. Control Implementation

No attempt was made to implement the closed-loop control law

in a variable torque and speed regime, because the current engine-

dynamometer configuration is not capable of tracking arbitrary tran-

sient cycles. Instead, the closed-loop scheme was implemented for a

constant torque and speed. The loop was closed through the NOVA mini-

computer which sampled the angle that corresponds to peak pressure and

changed the spark setting to the microprocessor spark controller as

required.

Even though the closed-loop system was implemented with

constant torque and speed, the extension to the variable torque and speed

range will not cause any difficulty. As was stated earlier, the engine

responds essentially instantaneously to spark timing change, and there

is no significant transient response involved between the spark timing

change and the peak pressure angle change

.

The knock detection control scheme that was developed in [h-4]

can also be incorporated into the controller. Some spark timings of

the optimal solution are either at MBT or retarded only by a few degrees.

Therefore knock can be expected due to ambient changes, variation in

fuel or mechanical degradation. The knock control system is based on

a PZT sensor similar to the one used in this research, which means that

only a software change is required to include it in the current

control scheme.
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4. Sensitivity Analysis

The closed-loop control system is supposed to keep the engine

operating optimally regardless of mechanical deterioration and external

disturbances. Anything causing changes in the flame speed and hence in
opt

the pressure trace history will be detected by measuring 0 . Any

such deviation indicates a drift in the engine performance from the

optimal point.

A convenient way of checking how well the closed-loop system

can respond to external disturbances is to introduce humidity to the

air stream. Engine performance deteriorates as humidity goes up since

flame speed goes down. Boiling water provides the required vapor. A

variable temperature hot plate provides the desired amount. Humidity is

measured by dry and wet bulb thermometers installed above the carbure-

tor (Fig. 5.21).

The combined effect of humidity on the EPA cycle was found by

running the engine at the torque/speed points with AF, SA and EGR

adjusted as listed in (5.15). A typical impact of humidity on fuel

consumption and emission levels is shown in Figs. 5.22-5.24 for

25/1800 lb ft/rpm. Fuel consumption goes up proportionally to the

increase in humidity. Fuel consumption goes up 5$ as humidity increased
*

from an ambient condition of 10 gm water/kg dry air to 23 gm water/kg

dry air^. Under these conditions, NOx level declined to 64$, of its
.opt

original level, since increase in humidity decreases 0
PP

increased

due to slower flame. The closed-loop system provided the required

spark advance to restore 0°^. This change was 1-2° which agrees
PP

with the numbers quoted in [pO-3].

The advanced spark brought fuel consumption down almost to the

original value. NOx and HC increased as spark timing was advanced,

yet NOx remained below the original value (64$) and HC increased by 27$

from the nominal value.

55$ relative humidity at 75F.

^70$ relative humidity at 92F.
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Inlet Valve

Fig. 5.21 Vapor Generation System
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PPM

Fig. 5-24 HC vs Humidity with open and closed-loop systems

(25/1800 lb f t/rpm)

.
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This procedure was repeated for a few other points of constant

speed and load. Table 5-3 depicts the relative changes in fuel consump-

tion and emission levels as humidity increased from 10 to 27 gm water/kg 1

dry air. Three constant load-speed points were excluded; the idle

point (15/750 ft lb/rpm) and the negative load point (-14/1800 ft Ib/rpm)

were excluded since the closed-loop scheme cannot be implemented in
I

these points. This is due to the fact that the maximum cylinder pressure

is quite low and 0 is around TDC and hardly depends on the spark

timing. The highest power point (85/2500 ft lb/rpm) was also excluded

since the air flow in this point is considerably high and the humidity

generating equipment was not capable of increasing the humidity to the

desired level

.

Only fuel consumption sensitivity to humidity variation was
I

checked at the 50/2250 lb ft/rpm point since this point does not con-
4

tribute to emissions as C is zero.
u

A sensitivity estimate of the closed loop system over the EPA

cycle can now be evaluated by combining the results of the various load-

speed points according to their weights (Table 5-4). The highest power

point (85/2500 ft lb/rpm) was considered to have the same sensitivity

as the average of the measured points. The assumption does not introduce

large error since the contribution of this point to the composite fuel

consumption and emissions level is quite small. The idle point and the

negative torque point, on the other hand, were assumed to operate only

in the open loop mode which means that fuel consumption will increase

with humidity at these two points and that there will be no mechanism to

keep the engine operating optimally at idle and negative torque points.

The composite fuel consumption of the open loop system went up by 4$

while NOx went down to 70$ of its original value and HC to 95$ of its

original value. The composite fuel consumption of the closed-loop

system went up by 2$, while NO decreased to 80$ of its original value and

HC increased to 105$.
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ENGINE
PARAMETER

“

NOMINAL
VALUE

HUMIDITY EFFECT
OPEjS LOOP CLOSED LOOP

Abs . Rel

.

Abs. Value Rel . Value Abs. Value Rel . Value

FUEL (mpg) 19.52 1.00 18.75 .961 19. 14 . 980

HC(gm/mile) 2.174 1 .00 2.087 0.96 2.283 1.05

N0(gm/mile) 2.034 1 .00 1.444 0.71 1 .648 0.81

TABLE 5-4 Changes in absolute and relative composite engine
performance over an approximated EPA cycle as humidity
increases from 10 to 27 gm water/kg dry air.

Humidity increases always decreased NO level, whereas the effect

on HC was variable. At 25/1800 lb-ft/rpm HC level increased with humidity

whereas at the other points it went down. Nevertheless, the changes in

HC were much smaller than those of NO. The above analysis is only an

example of how engine open and closed-loop systems respond to external

disturbance. Humidity effect seems to be quite small, yet the combined

effect of other external disturbances such as changes in ambient tempera-

ture and pressure, fuel variation and mechanical degradation can accumu-

late considerably.

The effect of the closed-loop system is likely to be the same

in the event of other external disturbances or mechanical degradation as

it was shown in the case of humidity. The closed loop system will be able

to provide the additional spark advance when necessary to keep the engine

running optimally regardless of the external disturbances and the mechani-

cal degradation.
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Individual Peak Pressure Cylinder Control

Air/fuel ratio varies among the engine cylinders. The carburetor

and the intake manifold are major contributors to the mixture nonuniform-

ity. As fuel atomization improves with increased air flow and hence with

increased power, the mixture variation among the cylinders often decreases

as engine power increases.

The optimal spark timing depends on air/fuel ratio. Therefore

an air/fuel ratio variation among the cylinders might cause different

optimal spark timings for the various cylinders. Peak pressure angles we

were measured at all 4 cylinders. For a given spark timing peak pressure

angle depends on air/fuel ratio. Therefore the spread of the individual

peak pressure angles can indicate how uneven the air/fuel distribution

among the cylinders is. The development of an individual cylinder peak

pressure controller can be justified only in the presence of large mixture

variations among the cylinders.

The peak pressure angles of the 4 cylinders were measured at

points of constant speed and load that correspond to the optimal solution

of HC/CO/NOx of 2.17/8/2 gm/mile (see Table 5-5). The points with re-

tarded spark timing are not listed since the peak pressure angles were in

the reverse polarity region as discussed in Section 2 of this chapter.

Torque/
Speed
(ft Ib/rpm)

'

G°
?t

of Cylinder NO(degrees *ATDC)
PP i

No. AF SA EGR 1 2 3 4

1 50/2250 16 .61 41 .74 0 20.01 20.24 19.25

I

21.76

2 38/2600 14.78 35.61 0 22.06 21 .94 20.11 22.66

3 85/2500 17.33 22.03 6.21 27 .05 28 .31 26.77 28 .15

4 72/2900 13.86 32.95 0 22.30 22.37 21 .44 23.49

TABLE 5-5 Peak pressure angles of the individual cylinders at

various torque/speed points.
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The variation among the individual peak pressure angles is 1-2°.

The standard deviation of the measurements is around 0.5°. This small

variation indicates that no gain is expected from individual cylinder
j

peak pressure angle control. Yet, all the measurements listed in Table

5-5 correspond to high engine power for which no large mixture nonuni-

formity was expected.

Further experimentation might provide a better understanding of

the individual cylinder control. It is advised to measure the individual

peak pressure angles at low power points with spark timing in the range

where no reverse in relationship between spark timing and peak pressure

angle occurs. The optimal individual cylinder spark timing can be found

by an on-line search which requires a microprocessor based individual

cylinder spark controller. Each cylinder spark timing can be perturbed

around the optimal solution obtained for the entire engine. A superior

solution is obtained only if both fuel and emissions levels go down as

spark timing of the individual cylinder is changed from the nominal optimal

tuning.



F. DISCUSSION

A closed-loop scheme using the angle that corresponds to peak pres-

sure as a feedback signal can keep the engine operating optimally over an

EPA cycle. The closed-loop controller reduces engine sensitivity to

variations in the operating conditions. Humidity increase was a represen-

tative disturbance. The engine in the open loop mode exhibited increase

in fuel consumption and a decrease in NOx level when humidity increased.

However, the closed-loop system provided the required additional spark

advance which restored peak pressure angle to its original value thus

bringing down fuel consumption to almost the nominal value.

The effect of the closed-loop system is likely to be the same in the

event of mechanical degradation or other external disturbances . Any such

change that affects flame speed and hence peak pressure angle will be

detected by the closed loop system that will provide the required opti-

mum spark timing.

The closed-loop control however, cannot be implemented for every

desired emission level. As emission constraints tighten, spark timing is

retarded into the double peak region where the simple relationship between

spark timing and peak pressure angle ceases to exist.

For the particular engine configuration that was investigated, only

25$ of the total emission range can be fully controlled for the Non-

Catalyst and the Oxidizing Catalyst cases. Another 20$ of the total

emission range can be partly controlled with 25$ increase in HC, 20$

increase in NOx and 2$ decrease in fuel consumption since spark timing is

kept from being retarded all the way to the optimal setting. The remainder

of the emission range (55$) is uncontrollable.

Similarly, the total emission range of the Three-Way Catalyst is

divided into 35$, 15$ and 50$ of fully controlled, partly controlled and

noncontrolled segments. The penalty in the partly controlled region is

25$ in HC, 15$ in NOx and a gain of 3$ in fuel consumption.

No apparent gain is expected from an individual cylinder control in

the medium power range that was investigated for this particular engine.

Yet, the low power range must be investigated before any conclusion can

be made about the individual cylinder control of the engine over a wide

operating range.
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VI. CONCLUSIONS

1. A closed-loop scheme using the angle that corresponds to peak

pressure as a feedback signal can keep the engine operating

optimally over an EPA cycle. The cycle was approximated by

running the engine at 10 load/speed points.

2. Increase in humidity from 10 to 27 gm water/kg dry air increased

fuel consumption by 4$ in the open loop and by 2$ in the closed-

loop. NO dropped to 70$ and 80$ of the nominal value with the

open and closed-loops respectively and HC varied from 95$ to

105$ respectively.

3. The various trade-off curves follow the law of diminishing

returns. Sacrifice in fuel economy increases for a given

decrease in emission level as the level of constraints goes

down

.

4. Optimum spark setting is retarded as HC and NO constraints

tighten. Optimal EGR level goes up as the desired level of NO

decreases. The optimal air/fuel ratio becomes rich as HC con-

straint tightens, and leans as NQx constraint tightens.

5. Global and individual fits were investigated. A global fit is

attractive because one expression is valid over the torque/rpm

range whereas the local fits are valid only at discrete load/

speed points. The global expressions can predict engine outputs

for intermediate load/speed values; however, the local fits were

found to have smaller residuals. The ranges of R-square of the

various local functions are: fuel 0.929-0.989, HC 0.735-0.900,

CO 0.835-0.943, NO 0.765-0.937. Typical values of the ratio of

rms to average measurements are: 2$ for fuel, 35$ for HC, 37$ for

CO and 27$ for NO.
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6. Closed-loop peak pressure control cannot be implemented for every

desired emissions level since tight emissions drive the spark

timing into an uncontrollable region. For the particular engine

and emission devices configuration investigated
,
only 25$ of the

total emission range is fully controlled for the Non-Catalyst and

the Oxidizing Catalyst. Another 20$ of the emission range are

partly controlled since spark timing is kept from retarding into

the optimal tuning that is in the uncontrolled region. This

results in 25$ and 20$ increase in HC and NOx, and a 2$ decrease

in fuel consumption. The rest of the emission range is uncontrol-

lable. The total emission range of the Three-Way Catalyst is

divided into 35$, 15$ and 50$ of fully controlled, partly con-

trolled and non-controlled regions, with a penalty of 25$ in HC,

15$ in NOx and a 3$ decrease in fuel consumption in the partly

controlled region.
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Appendix A

AIR FUEL EVALUATION BASED ON EMISSIONS

Few methods of evaluating mixture ratio exist. A simple method

suggested by Spindt [ S— 1 ] is based on carbon balance of the pre and

post combustion products. This method was not used here because it is

quite inaccurate on the lean side. Instead a method based on oxygen

balance which was suggested by D. L. Stivender [s-2] is used. The

amounts of the various gases are given in Fig. A-l.

The five unknowns are:

X - the molar ratio of the recirculated exhaust flow;

(H^O) - the water concentration in the exhaust gas;

a - the number of moles of dry air per mole of gasoline;

(N^) - the N
2

concentration in the exhaust;

(H ) - the hydrogen concentration in the exhaust.

The five equations are the atom balance of O, H, C , N and the gas

equilibrium equation which are:

0 Balance:

^ \
d-X) (2(0

2
)+2(C0

2
) + (H

2
0) + (C0) + (N0)> ;

C Balance:

= (i-x)((co
2
)+(co)+i(HC)

D ) ;

H Balance :

(02 ) = (l-X)(2(H
2
)+m(HC)

D
+2(H

2
0)> ;

N Balance:

Ct+a

ED” 2^76 <2 <V +(NO»

(A-l)

(A-2 )

(A-3)

(A-4)

Gas Equilibrium:



A value of 3.5 is assumed for K. Eliminating (H ) from equations (A-3),

(A-5)
,
solving for (HO) and then eliminating (1-X) by using (A-l) and

(A-2) yields the water concentration in the exhaust:

n/2 ( (CO ) + (C0) ) +0. 5 (nX-m) (HC)

(HO) = . (A-6)

1+(C0)/(K(C0
2
))

CO, C0
2 ,

0
2

and NO were measured on a dry basis. Only HC was

measured on a wet basis. As the hydrocarbon concentration in equations

(A-2) and (A-3) was measured on a wet basis, the following conversion

is used:

(HC) = (HC) (1+(H_0)) (A-7)
D W Z

where the subscripts D and W denote dry and wet measurements

respectively

.

A H^C^ structure was assumed for the measured hydrocarbons.

Substituting (H2O) from (A-6) and solving for (HC)^ yields:

1+ (CO ) / (K (CO ) ) +0 . 5n ( (C02 ) + (CO ) )

(HC) = (HC) • (A-8)

l+(CO)/(K(C0
2
))-0.5(ni-m)(HC)

w

The desired air fuel ratio a is found by dividing equations (A-l)

(A-2):

0 . 5 (2 (0
2 ) +2 (C0

2 ) +H2
0 ) + (CO ) + (NO ) )

a/f = cr+a-a a . (A-9)

(CO ) + (C0)+X(HC)

A typical output of the DSP (Data Sorting Program) that includes

air fuel ratio based on emission is given in Table A-l

.
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TABLE A-l

DATA SORTING PROGRAM OUTPUT

TORQUE- 72 . CORFU- £900. 00 # COSES- 73

87F SPKODV EGR
12. 5111 42. 0000 0. OOOO
12. 4873 36. 0000 0. OOOO
12. 4568 31 OOOO 0 OOOO
12. 5669 26. OOOO 0. OOOO
12. €613 20 OOOO 0. OOOO
12. 5535 42. OOOO 7 OOOO
12. 6915 36. OOOO 7. OOOO
12. 6519 31. OOOO 7. OOOO
12. 7695 26. OOOO 7. OOOO
13. 1002 20. OOOO 7 . OOOO
12. 5543 42. OOOO 4. 5000
12. 5412 36. OOOO 4. 5000
12. 6144 31 OOOO 4. 5000
12. 7774 26. OOOO 4. 5000
13. 0041 20 OOOO 4. 5000
12. 5762 42. OOOO 2. OOOO
12. 5922 36. OOOO 2. OOOO
12. 5950 31. OOOO 2. OOOO
12. 6806 26 OOOO 2. OOOO
12. 9653 20. OOOO 2. OOOO
17 0595 40 OOOO 0. OOOO
17. 2436 35. OOOO 0. OOOO
17. 8786 30. OOOO 0. OOOO
17. 6855 25. OOOO 0. OOOO
17. 8442 40 OOOO 2. OOOO
13. 0244 36. OOOO 2. OOOO
18. 3246 36 OOOO 2 OOOO
18. 1070 32. OOOO 2. OOOO
17. 7246 40. OOOO 4. 5000
18. 3463 36. OOOO 4. 5000
17. 8847 40. OOOO 7. OOOO
18. 1975 36. OOOO 7. OOOO
17. 9563 32. OOOO 7. OOOO
14. 4083 40. OOOO 0. OOOO
14. 4376 35. OOOO O. OOOO
14. 4944 30. OOOO 0. OOOO
14. 5659 25. OOOO 0. OOOO
14. 8714 20. OOOO 0. OOOO
14. 3936 40. OOOO 2. OOOO
14. 5010 35. OOOO 2. OOOO
14. 5839 30 OOOO 2. OOOO
14. 7902 25. OOOO 2. OOOO
15.5333 20. OOOO 2. OOOO
14. 4469 40. OOOO 4. 5000
14. 4393 35. OOOO 4. 5000
14. 6564 30. OOOO 4. 5000
14. 8469 25. OOOO 4. 5000
15. 4790 20. OOOO 4. 5000
14. 3973 40. OOOO 7. OOOO
14. 5447 35. OOOO 7. OOOO
-14. 6610 30. OOOO . . 7. OOOO
14. 9410

'

25. OOOO 7. OOOO
15. 5560 20 OOOO 7. OOOO
15. 6963 40. OOOO 0. OOOO
15. 7524 35. OOOO 0. OOOO
15. 8537 30. OOOO O. OOOO
16. 1813 25. OOOO 0. OOOO
16. 5927 23. OOOO 0 OOOO
15. 8133 40. OOOO 2. OOOO
15. 9973 36. OOOO 2. OOOO
16. 1313 32. OOOO 2. OOOO
16. 6337 28. OOOO 2. OOOO
17.2151 24. OOOO 2. OOOO
15. 9244 40. OOOO 4 . 5000
16. 0673 36. OOOO 4 . 5000
16. 2176 32. OOOO 4. 5000
16. 8020 28. OOOO 4 . 5000
17. 2329 25. OOOO 4 . 5000
15. 7096 40 OOOO 7. OOOO
15. 8274 36. OOOO 7 OOOO
16 1053 32 OOOO 7. cmoo
16. 433*3 23. OOOO 7 OOOO
17. 0336 25 OOOO 7. OOOO

IIR>t.7H> PlPPd /TO ME:«L/H>
287. 3511 50 0533 360 3726
283. 3291 50 3209 356. 3384
287. 7815 5*0 0533 356 6164
290 1431 49. 7867 363 0176
305. 0217 49 7184 377 8308
277 . 7346 51 3992 351 2478
280. 4148 51. 1221 353 . 6316
284. 6560 50. 5380 357 7429
294 4087 49. 7367 367. 2510
318. 2671 43 4513 391 . 0134
277 7256 51 3892 351 2368
279. 0300 51 1221 352 4011
233. £623 50. 5330 356 7375
294 5*239 49. 7867 367. 7976
315. 8318 43. 4513 383. 5703
279 9912 50. 5880 352. 8428
279. 5431 50. 3550 352. 6033
233. 1665 50. 5830 356 2363
293. 0283 49 7867 365. 9238
315. 0901 48. 4513 387. 3323
327. 2922 49. 2251 395. 7026
340. 7593 4ft 6^°^ 409 2205
373 1526 47 1238 446 4275
393, 9670 46. 3358 462. 5791
350 5190 48. 9624 419. 1248
364. 6370 48. 4371 433. 3042
370 8357 43 4371 439 5-1398

377 1301 4.?.. 1744 446. 1326
348. 8621 48. 9624 417 5068
371. 2134 4:3 4371 439. fto-3

5

351. 6992 49 2251 420. 5891
369. 8108 48. 6998 433. 8325
370. 6084 47. 9118 439 1597
285. 6111 51. 6955 357. 1237
236. 4360 51. 63S5- 357. ?7i;>
293. 2827 51. 1581 364 6750
306. 0376 50. 3521 377 4001
330. 6560 48. 7401 401 6304
232. 7234 52. 2323 354. 5936
283. 1758 51. 6955 359. 7441
293. 9236 50. 8395 370. 3093
315. 6179 50. 0835 337. 0410
353. 6523 47. 9341 429. 6675
231. 4280 52. 2328 353. 1411
283. 2646 51. 6955 359 3545
299. 5222 50. 835*5 370 8479
319. 5972 49. 3143 390. 9-330

356. 7531 48. 2027 423. 0085
231 . 4160 52 2328 353. 1946
283. 3434 51 . 9642 360. 1374
300. 0603 51.1531 371.6355
320. 4250 50 0335 391 95-16

353. 0159 48. 2027 429. 2331
301. 1531 51. 6955 372. 0349
305. 0596 51 4263 375 8523
317. 1735 50. 6203 387. 8059
340. 7668 49 2774 41.1. 1035
-363. 0325 47. 9341 432 9119
303. 9704 51 6955 374 8884
312. 5464 51. 1591 383 24 l 5
324 6067 50 3521 395 0815
351 . 2615 49 2774 t

304. £479 47. 9341 45-». 9253
305. 4336 51 6955 37£
314 8467 51 1581 385 6003
323 6520 50 3571 399 2734
356. 3816 49 . 426 6011
38 t 4431 48 , 2077 4*:.l 7>:OS
305 S349 51 4268 37t> 41 0*>

313. 9463 50 8895 384 6719
330 6521 50 0885 4*U ££•:•£

351 8691 4 S' lX*£8 47? 225.3
379 2143 43. 2027 444 6797

ore
13. 0094
13 1320
13. 4323
13. €463
13. 7200
13 3555
13. 6121
13. 8526
14.0370
14 1213
12 7708
13 1.316
13. 5774
13. 7892
13. 8357
13 3014
13. 2646
13. 4935
13. 6781
13. 7682
17. 9370
18. 0803
18. 1925
17 6578
18 0440
18. 0343
18 0981
17. 7993
18. 0872
18. 1040
18. 3075
13 1945
18. 2670
15 6263
15. 3311
16 0632
16. 2571
16. 5616
15. 7690
15 9774
16. 1316
16. 3490
16. 5923
16 0155
16 1210
16. 1810
16 3014
16. 3201
16 3364
16. 3772
.16. 4761
16. 4214
16 2991
16 9917
17. 1617
17. 2046
17 4103
17 6148
16 9997
17. 0635
17. 1446
17 3279
17 2666
16. 9959
17 1432
1 7 1649
17. 2-015

17 1471
16 3746
16 4966
16 7196
16 7943
16 9160



m and H - theThe values of n-hydrogen to carbon ratio in fuel.

number of carbon and hydrogen atom respectively in the measured hydro-

carbon are assumed to be:

n - 1.86

m - 6

n - 14

The legend of Table A-l is:

A/F = the air/fuel ratio from direct measurements;

AFE = air/fuel ratio based on emissions;

AIR = mass of inlet air to the engine in (lb/hr)

;

AIRP = the amount of additional air injected by the air

pump in (lb/hr)

;

MEX = total exhaust mass flow which is:

MEX = AIR + AIRP + FUEL . (A-10)
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Appendix B

ENGINE TEST STAND MONITOR SOFTWARE (ETSMS)
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Appendix B

PILE DDmmIN.FP 6-13-77
MAIN F-ROL.FAM INITIATES THE SUPERVISOR THEM KILLS ITSELF.

EXTERNAL SUPER
COMMON.'TTSEMXTTOEXXMESSXMESS

TTOEX. EXCLUSION SEmhphORE TO PREVENT MIXING OP MESSAGES ON CONSOLE
MESS: TRUISM I SSI ON MESSAGE

INTEGER TTOEX -
|

DATA TTOEXXOXMESS/'IX
CALL 1 TASK < SUPER . 3, 3, IER; t

IF < IER HE. 1> TVPE 'SUPER IER-*.IER
CALL XMT<TTOEX.MES3,*20> V

20 CALL KILL
END

FILE DDSUPER.FR 6-30-77 ' -

TASK TO PROVIDE COMMUNICATIONS LINK BETWEEN OPERATOR'S CONSOLE AND
OTHER TASKS HMD SUBROUTINES.

TASK SUPER
TASKS AND THE USER CLOCK SUBROUTINE MUST BE DECLARED EXTERNAL

FOR USE IN SUBROUTINE CALLS.
EXTERNAL DACOL . TTOUT , CLOCK* CONTR . COUNT
COMMON XTTSET/ltATSEL . HREPS/TTSEM/TT UEX/LABELS/LABEL

2 XOUTCOXDDUMP, LDUMPXCONGO/CONGO
4 XNDUMP/NFILE

TTSET : CONSOLE OUTPUT SELECTION ARRAV <DATSEL> AND NUMBER OF SAMPLES
TO BE AVERAGED BEFORE OUTPUT TO THE CONSOLE <NREf>3>.

TTSEM . EXCLUSION SEMAPHORE C TTOEX) TO PREVENT MORE THAN ONE TASK
FROM USING CRT AT ANY TIME.

LA8ELS: MEASURED VARIABLE LABELS.
OUTCO : LOGICAL VARIABLES TO TRANSFER OPERATOR REQUESTS FOR DISK

DUMPS <DDUMPS> AND LINE PRINTER DUMPS <LDUMPS>.
CONGO: LOGICAL VARIABLE TO TRANSFER OPERATOR kEQUEST FOP DATA

OUTPUT TO CONSOLE. . . ....
NDUMP: DISK DUMP NUMBER CNFILE) IS INITIALIZED TO 1 BV SUPER.

DIMENSION IC0MNDC2)
INTEGER CLKCT1 , CLKCT2 » COMND » DHTSEL < 10> , LABEL <4 , 30 > . TTOEX
LOGICAL DDUMP, LDUMP . CONGO
MESS=*1
DATA NFILEX1X
DATA PI'Ut1P,LPUMP,CGNG0//3“. FALSE /

THIS SECTION OF CODE WILL NOT START EXECUTION UNTIL THE EXCLUSION
SEMAPHORE CTTOEX) IS SET TO 1 INDICATING THAT NO TASK IS
OUTPUTTING TO THE CONSOLE.

CALL RECCTTOEX.MESSR)
INITIALIZE DATA DISK, DEFINE A USER CLOCK, AND START OTHER TASKS.
CALL INIT<“DP1",0, IER;
IF TIER. NE. 1> TVPE “DPI INIT IER=*“. IER
CALL I TASK C CONTR, 1 , 1 , IER>
IF TIER. NE. 1) TVPE "START CONTR IER»", IER
CALL I TASK T DACOL ,2,2, I ER >

-

IF T IER. NE. 1) TVPE “START DACQU IER=".JER - ...
CALL I TASK T COUNT . 31 . 31, IER)
IF TIER. HE. 1) TVPE "START COUNT IER-".IER
CALL DOCLKCl, CLOCK. IER) ...
IF TIER. NE. 1> TVPE “USER CLOCK IER»“,IER
CALL I TASK T TTOUT . 21 , 21 , IER)
IF T IER. NE. 1) TVPE “TTOUT IER--, IER

JUMP DIRECTLV TO INPUT TASK INITIALIZATION.
GO TO 301

~10S TVPE “HUH?" ; OPERATOR INPUT WAS NOT RECOGNIZED. — -- - --
110 TVPE ; SUPERVISOR IS READV FOR NEW INPUT.

CALL XMTTTTOEX. MESS. 5115) ; RELEASE CRT FOR OUTPUT BV OTHER TASKS.
115 READC11 , 120) ICOMNDCl) ; READ OPERATOP INPUT.
120 FORMAT <S2) •

COMND" I COMNDf 1

>

CALL REC<TTO£X.M£SSR> ; EXCLUDE OTHER TASKS FROM CONSOLE USE. -

BEGIN COMPARING OPERATOR INPUT TO DEFINED MNEMONICS.
IF <COMND. NE, “T") GO TO 200 ; SELECT CONSOLE OUTPUT.
TVPE “DEFAULT CONSOLE OUTPUT"

123 DO 130 I -1.10
N“DATSEL< I

>

130 WR ITE< 10, 140) LABEL<1,N>
140 FORMATClX,S8,Z>

WR I TE <10 , 140)
ACCEPT “CHANGES'* “ . HCHNG
IF<NCHNG)160. 170.143

143 DO 130 I-l.NCHNG
ACCEPT “COLUMN. VAR I ABLE? “,M.N

130 DATSEL<M)-n
GO. TO 123
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160 URITE<10.161XI.LA8EL<1. I>. 1-1.30)
161 FORMAT <1X» 3< 1 4, S8> >

GO TO 125
170 ACCEPT “SHMPLES/RVERAGE? ".NPEPS

CONGO-. TPU£.
GO TO 110

200 IF < COMND N£."E"> 00 TO 300
CALL EX I

T

300 IF CCONNP HE. “ I " > 00 TO 300
301 CALL SETDhCOL

GO TO 110
300 IF <CO>ND NE »L“> 00 TO 600

TYPE "Ld'MP"
- LDUMP-. TRUE.

GO TO 13 0
600 IF CCO-IND HE. "D“ > OO TO 700

TYPE “I'd.tip*

OO TC» Hi*
700 IF f COhnD F.O *DL“> 0*3 TO 710 i LINE FR INTER AND DISK DUMP*

IF < COUNT* NT “lD“> 00 TO 800
710 DDUMP-. TPUE.

LDUMP-. TRtlF.

TYPE “LDDUMP*
OO TO 110

800 IF < COMND N£ “C"> 00 TO S>00 i INPUT ENGINE SETPOINTS.
TYPE “CONTROL SU8“
CALL COMMANDCl)
GO TO 110

900 IF <COMND. HE. “S“> GO TO 109 ; INCREMENT SPARK ADVANCE.
TYPE “INC SPARK*
CRLL COMMANDC2)
GO TO 110
END - ...

; terminate program.

; SET UP DATR COLLECTION TASK.

; LINE PRIMTEP DUMP

; PISK Dump

FILE SETDAC.FR 6/23/77
SUBROUTINE TO RCCEPT OPEPATOR INPUT OF PARAMETERS SUCH AS

EMISSION INSTRUMENT SCALES, SAMPLE INTERVAL. AND AMBIENT
CONDITIONS USED IN THE DATA COLLECTION TASK.

-

SUBROUTINE SETDACOL
COMNON/CLKCT/CLKCT1 . CLKCT2/DAVAL/DAVAL < 9 >/A/A/Al/Al/A2/A2/B/0

1 /SMULT/SMULT<50>/PSOUT/FSOUT <5>/IHBR7ft/INPATA<5Q> —
CLKCT : COUNTERS USED BY USER CLOCK SUBROUTINE TO TINE DATA COLLECTION
DAVAL: ARRAY CONTAINING THE PARAMETERS INPUT BY OPERATOR.
SMULT: MULTIPLIER USED IN DATPANS.
FSOUT: FULL SCALE OUTPUTS OF EMISSIONS INSTRUMENTS IN VOLTS. USED

IN THIS SUBROUTINE TO CALCULATE MULTIPLIERS TO C0f»VERT
EMISSION INSTRUMENT INPUTS TO ENGINEERING UNITS IN DATRANS.

INTEGER CLKCT1.CLKCT2
EQUIVALENCE CSMPINT.DMVALCS))
DATA CLKCT1/2*100/

_
- -

DATR DAVAL/Q. ,0. ,0. .O. ,0. ,0. 1,0. .O, ,0.

/

DATA FS0UT/10. ,3. ,0. 1,0. 1,5.

/

START OPERATOR INPUT OF PARAMETERS - -

90 WRITE<i0.100><N.N-l,9>
100 F0RMATC1X, 15.918)
110 WRITE <10, 200) • -
200 FORMAT <

“ NOX SCL EGR PEX DPOR PAIR SMP INT“.
1 * TEMP PRESS HUMID*)

.
. ^

WR I TE C 10 « 300 ) < DAVAL <N ) » N=*l . 9 > . ... -

300 FORMAT <1X. 10F8. 2)
ACCEPT CHANGES?". NCNNG
IF < NCNNG >90, 600. 303

303 DO 4CO I CHNC-1 , NCHNG '
. .

ACCEPT “#,VAL ".M.VAR
IF <M> 90,110,310 -

'
-

310 IF <M-9) 320,320,110
320 DAVAL CM) -VAR
400 CONTINUE \ _ . . .

GO TO 110
FINISH PARAMETER INPUT AND BEGIN CALCULATION OF EMISSION

INSTRUMENT MULTIPLIERS. . .

600 IF <SMPINT. GE. O. 1) GO TO 610
TYPE “SAMPLE INTERVAL MUST BE AT LEAST 0. 1 SEC"
SMPINT-O.

1

GO TO 110
610 CLKCT2- 1 F I X< SMP INT/0 . 01666

>

SMULT <9 > -DAVAL <1 > “A/2048 .

O

RETURN
END
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C FILE COMnRND.FR 6/23X77
C SUBROUTINE TO RCCEPT OPERATOR INPUT OF CONTROL SETPOINT,

c COMPUTED GO TO ON INTRV WILL RLLOW VARIOUS OPTIONS
C SUCH AS AUTOMATIC INCREMENTING OF SPARK ADVANCE <INTRY-2>.

SUBROUTINE COMMANDC 1NTRV)
COMMON /CPRAM/TORQUE . PPM , SPKADV. DSPK . RFRRT . PAF . EGR > TH

1 /CONSET/NCOM . DESRPM . Ct IRF'M/ 1 CHUG/ 1 CHI IG/THROTTLE/THPOTTLE
2 /AUTSE T/l IAUTO . NAUTSV . MANCON . NST EP . NST^S/CNSR-'CNSfl

C CPRAM: CONTROL SETPOINT PARAMETERS INPUT BV OPERATOR.
C CONSET: DESIRED RPM (DESRPM) AN? LOGICAL VARIABLE CCNRFM) FOR
C PPOGPAM CONTROL SENT TO CONTROLLER TASK.

C AUTSET: LOGICAL VARIABLE CMANCON) USED FOR PROGRAM CONTROL IN

C CONTROLLER TASK.
LOGICAL CNRPM.CNSA
INTEGER DESRPM, THROTTLE
DIMENSION CPPHM<8>
EOUIVAI FACE (CPRAMCl) .TOFC'UE)
DATA TOROUE/13 ,1800. ,0 , 0 . 3,0. , SO . .0.5,4 . %/
GO TO 10O0.2000> INTPV

C OPERATOR MAV CHANGE ANV SETPOINT PARAMETER.
1000 URITECLO. 1100>tN.N»1.8>
HOC FORMAT (IX. 15,918)
1110 WPITE<10.1200>
1200 FORMAT (IX, " TOROUE RPM SPK ABV PP-GA B/F

1 * EGR THROT ">

UP1TE(10.1300XCPRRM<N),N-1,8)
1300 FOT MAT < IX. IOF8 2>

ACCEPT "CHANGES')* . NCHNG
IF (NCHNt,) 5*00, It-OO, 1305

900 ICHNG'NCHNG
IF < NCHNG ME <-3>) GOTO 1000
CPRAM' 2 >-1000.
CPRAM <8 > -3 .3
GOTO 1300 . . . _

1303 IlC» 1400 l.CHHG»l .NCHNG
AC CEPT - tt VAL M

, M . VAR
IF *, M> 1000. 11)0 1310

3310 ir '.m-B) i 3.':o. i mo ,

1 320 CPr-nn < M ' =VAR
1400 CONTINUE
IS.00 IFCTH LI O ' GOTO 3000

IF OH GT 92 ) GOTO 1000
1 = 1 H/ 043
IT=IFIN<T>
IF(<T-IT). GT .0.5) IT-1T+1
THROTTLE* I

T

IFCTOROUE LT 0 0) GOTO_ 1000
IF< TORQUE. GT 100) GOTO* 1000
GO TO 1110

C TRANSMIT DESIRED RPM CHANGE TO CONTROLLER TASK.

C MANCON IS SET TRUE TO ALLOW INTERRUPT ION OF AUTOMATIC RPM MAP.

1600 CNSA-. FALSE.
I1ANC0N=. TRUE \

DESRPM= I F IX(RPM)
CHRPM=. FALSE.
RETURN

C AUTOMATIC SPARK ADVANCE INCREMENT.
2000 SPKAB7=SFKADV+DSPK

GO TO 1110
END

C FILE BLOKDAT.FR 6-23-77
BLOCK DATA

A . TITL BLOKD
COMMON /LAPELS/LABEL/ 1 NSTS/ INST

1 /C0NSTS/C0NST/T7SET/DATSEL, NREPS
2 /LDSEL/LHSEL < 48)

C LABELS: STRING MATRIX OF MEASURED VARIABLE LABELS USED FOR DISK,
C LINEPRINTER. AND CONSOLE OUTPUT.

. C INSTS: SIMULATED COMPUTER MACHINE LANGUAGE INSTRUCTIONS FOR USER
\C DEFINED VARIABLES.
C CONSTS: CONSTANTS FOP USER DEFINED VARIABLES.
C T1 SET : VARIABLE OUTPUT SE-CCT10N APRAVi DATSEL) AND HIJMBER OF
C SAMPLES, OUT PUT /NREPS,. Fl ip CONSOLE OUTPUT
C LDSEL : MATRIX TO MAP CONSTANT T1F ABUSED VARIABLE A-PAV «' LABELS)
C TO LINEPRINTER AND DISK DUMP FORMATS

INTEGER DATSEL<10)
DIMENSION LABEL'' 4 . SCO , INSTCLOO) .f-ONSTClS)
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Appendix B

irlTfi LiOt l/
1 ‘

2. - NOX HC
3, - CO C02 02 FUEL 1 AT

_ 4 .
* OT EOT UT in3 T CiSt'S't

"

“5. * 203 PP1 PP2 PP3 RP4
6. * AF FAIR AFE AFS EGRD= “

7. * REX EGR P&M THiso r tlE C PK ADV“
8. - ES HCS F. 1 P USE FAC I'ESRPM “

9.* COMARM CNRPM TEr.° PRE'-S HUM
A. USE 91- - UGER2 USES 3 USERS USERS ”/ —
DATA LPSELV33. 20.34 14 . “.ft, 33 •9.10. 11 .12-13-15

1.19. 21.22.23 .24 . 23. IS. 17.16. 39.43. 44,45.30
2.31. 27 . 2-S .

''? a 2 3S

•

37.1.2 .3, 4
3.5*b 7 . S . 28 4S.47.32.40.41.4 '

DATA CONST.'2 0.3 0. 4.0-3 0 • E 0.7 0 ,8 0.9 0. 10 0,100. i

1 . . 1 . Cl -3. 14.'

DATA INSTV1 •1.1. 2.

3

1.5.4. 7 . 2.3.1. tO ,4.1,13.6. 7/
DAT A DATS-Ei_/33 . 20 . . 14 . 3S! . 32 .9.10. 11 , 1F_'
END

FILE CONTROL. FP e/27/77
TASK TO CONTROL THE ENGINE TEST STOMP RUNS mT HIGHEST PRIORITY.

RECEIVES SETPOINTS FROM THE SUPERVISOR VIA THE SUCFOUTINE
COMMAND THIS TASK IS CLOCKED AT 10 H3 EV THE USER CLOCK.
SUBROUTINE

TASK CONTROLLER
COMMON /CONSET^COMPPII • PESf- PH . CN- RH.'C ONiry/CONKV. DF KEVVTiRK'EV. NTRV

1 VCOHC TVMWA I T . NCMTQ.-'MS.r' DO. 'MASK.' 1 DVHOX I PF VDO-' 1NHATA7 INIiRTR- SO >

2 ./AUTSET/NAUTO Nii'JTSV . nANCON . NSTEP . NSTPS/MPRPnPI-lPRF TK lO)
•3 /'OUTCC'/'DDUMP. LPUMFVCF'PAM/CRRANi :3 V’EF RORFEPROR
4VTHR0T TLEVTHfi OT TLE.' I CHOP I CHO. '1 CHI.'' I CHIP ICHOP I CH2,'NCH,'NCHf2>
5/ICHNGPI CHNGVI MSR "CNF R

CONSET : COriftRNIiF.Ii FFM TO THE DVNO CREEP CONTROLLER < COMF. FV1 >

,

DESIRED PPM FROM SUPERVISOR tPECRPfl/. RNP LOGICAL VARIABLE
FOR RROGPRM CONTROL < CNKPri >

CONKV MESSAGE CHANNEL FROM CLOCK TO CONTROLLER TACK.
DPKEV: MESSAGE CHANNEL FPuM CONTROLLER TASK TO CONSOLE OUTPUT TASK".

CONST: 0 1 SEC COUNTS PE'MFEN i P- fi STEPS
RUTSET : COUNTS EETUEEN RPM MNP '.Tt F- CNA J7SV> . LOGICAL VARIABLE FOR PROGRAM

CONTROL (NOMCOM-. -MUMPER OF STEPS IN MAP CNCTPO
MPRPfl : PPM MAR FiRRAV
OUTGO LOGICAL VARIABLES FOR L ! NER*-' ! N I ER DUMP h'".i DISK DUMP
CPPhM: CONTROL F-AFk-METERS

LOGICAL CNPPM.tlANCOrl • DD"MP . L T)> l“.P . HI SR
INTEGER COMRPM- DECPPM . 01 ERPM . CONlV . DPKEV. ThROT TIE. F PMC
E9'J I VALENCE oSPRRfH l > . DTf PONE •

DATA C0MKPn.'1800 luOO • I AL'-E .'NUN I T/l . 1 VPNS AO FALSE /
DAT A MASK/- 1/ 1 1-EVriij. '4 C Qv.'i ONCV.'i i,‘THR0TTLr/l0O,'LR..*0K-.'0

DATA Ni:HV 4 3-:2 . 19.' IC IKV-SU 927 1 C HJ 8 191/ICM2. !f>i.i.'IcMNO.*-l/

SRl.CU-20
IiRO-O
PPF---0
PTOPG1JF-15 -

c.toroui »ir.
IKiJlN-1 "

*

pnoiN-r 2
RGAlll-r.
EK3-=0
EK2-0
CK1»ti
FTORQUE -13
F DTTiRPi iE *1 3.

10 CALL RECC CONK Y.MESSP)
CONSOLE OUTPUT TASK CTIOUO UILL OUTPUT AN ERROR MESSAGE

IF CMESCP.EO 1> GO TO lOO
NTRV-2
CALL T'JITC DPKEV. MESSP. ilOO>

100 IFCJPOIH HE. 1 > GOTO <30
IF CCNRPMT GO TO 430
DIFRPM=inC'SCPESRPn-CO.“.RPM>
IF TDIFRPI1.GT.10> GO TO 200

COMMANDED PPM IS NOVI EQUAL TO DESIRED PPM.
CONRPn=DESRPn
CPF R.’l I 2 > =F L OA T T COMRPm
CUftPI1=. TRUE.
GO TO 300

KEEP CHANGING RPM 1 RFM AT A TIME UNTIL COMMANDED PPM IS EOUAL
TO DES I FED PPM

200 C0nRPn=C0NRp!1*10*< <SE3PPn-C0MPFt1>2PIFF'PM>
THIS ROUTINE CONVERTS A BINARV INTEGER TO BCD FOR OUTPUT TO SPEED

CONTROLLER
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CALL POLUKl. lDEVDO.-Cl?2.MASK.M3TAT>
IF(MSTAT. NE. 1> TVPE “DOLU CHRM SEL MSTRT-- .MSTRT—300 ncor»=o • - ....
IRPm-comppm
NPLAC-IOOO
DO 400 1-1.3
NCOM-16-NCOM* I RPM7HPLAC
IRPM=»MOD< IPPM.NPLAC)

400 NPLRC-NPLRC/'IO
mcom-ncom. or. (~4o?6>

C OUTPUT COMMANDED PPM TO SPEED CONTROLLER.
CALL DOLU(l. IDEVDO.NCOM.NASK.MSTRT)
IF (MSTRT. HE. 1> TVPE -DOLU M3TAT-” .MSTRT

450 IPOIN-IPOIN+l
C THROTTLE RHD TORQUE CONTROL -

IF( ICHNG. EQ. <-2>) GOTO 500
IF< ICHNG EO. C-4>> GOTO 500

C OPEN LOOP THROTTLE CONTROL -

CRLL DOLUd. IPEVDO. ICHI , MASK . MSTRT)
NTHR-THR0TTLE-409S
CRLL DOLUC1. I PEVDO . NTHR . MASK . MSTRT)

. CONT=CPRAM<8)
COHT1K-CONT
CONT2K-CONT .. _
GOTO lOOO

C TORQUE CONTROL
500 DT-AeS(DT0R0UE-CTORQUE)

IF<DT.GT.10. > GOTO 600
CTORQUE-DTORQUE
GOTO TOO

600 CT0RaUE“CT0RQUE*DT/'(DT0R0UE-CT0RQUE)*10.
700 EK4-EX3

EK3=EX2
EK2-EK1
EK1“ERROR
CONT3K=CONT2K
COHT2K-CONT1K
C0NT1K=C0NT
CRLL RIRDNd.NCH. I. MSTRT)
TORQUE—6. 1*0. 075486*1
FTORQUE-. 3*T0ROUE*. 7+FTORQUE ; MEASURED TORQUE FILTER
FDTORQUE-. 2+CTOPOi.iE*. e*FDTORQUE •; COMMANDED VALUE FILTER
ERROR-FDTOROUE-FTGRQUE
CONT <=1. 9-C0NT1K-1. 1025*C0NT2K*. 2025*C0NT3K*(PGAIN7RGAIN>»

. (ERROR—2. 6»EKi*2. 2S25*EK2-. 65025*EK3>
IF (CONT. GT. 80 > C0NT-8O • .

IF(COHT. LT. 1) COMT-1
FTHROTTLE=CONTTO. 045
THROTTLE- IFIX(FTHROTTLE)
IF(FTHROTTLE-THROTTLE. GT.O.5) THROTTLE-THROTTLE*!
NTKR=THROTTLE—1096
CRLL DOLW<l. IDEVDO. I CHI. MASK . MSTRT

)

CRLL POLUd. I DEVPO , NTHR , MASK . MSTRT )

900 IFOPOIN. EC. 5) CRLL GAIIIK INDATA(33> . TORQUE. GAIN. RGAIN. RPM8>
1COO IF( ICHNG. EQ. (-3>> GOTO 1050

IF( ICHJJG. EQ. (—4>> GOTO 1050
GOTO llOO

1050 CRLL DATRANS(23.RCTVAL>
PP=RETVRL
PPF° < 1 . -CPRAM < 7 > > * FPF*CPRAM <7 ) *FP
SfiHEU*SANEU-CPF<Ttt(4>*PP0
DP0-PPF-CFRRM<6>
2F(SA»1EW LT.2R ) SRNCU-20.
IF ( SAt IEW GT. 45 > SHNEU-43.
GOTO 1200

C SPARK RDVONCE CONTROL
C OUTPUT 2 eCD DIGITS
llOO IF(CNSfl) OATO 154)0

- - 6AHEU-CPRl*M<3>
1200 is-iFix'snurw)

HOSR-O
fiPLfiC-10
DO 1600 1-1.2
NASA- HO.SO* 1 6 * I S.Q ITLRC
1S-HOIH IS.NFl.nC)

^Tieco nclhc-h>'i io .‘to
- Xuvwmsh ok •j-40<i6)_

CALL DOLUC1 . lUTVlXl. JCHT.NALK.ftSTRO
CALL !X)LU<1. XDCVDO.MOSA. MASK. MSTRT

>

CWSA-. TRUE.
1300 IFdPOIN.QT.10> IPO IN-1

GO TO lO
END
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C FILE OHINl.FR 7-2-78
C SUBROUTINE TO LOOK-UP CLOSED-LOOP GRIN TABLE INDICES ARE
C FUNCTIONS OF TORQUE AND RPM. RPM IS RSSUMED TO BE FOUR <4> BCD DIGITS.

SUBROUTINE GAINK IR1, TORQUE. GAIN. RGAIN,RPMB>
INTEGER RPMB
COMMOH/TK/TK<4.6>/TK1/TK1<4,6>
DRTR TK/
1 O. 0413,0. 0389.0. 0272.0. 0153
2.0 0596.0 .0456, 0.0310. 0.0233
3.0. 045S.0 0337,0.0408.0.0250
4.0. 0304.0. 0456,0 0470.0. 0258

3.0.

0304.0. 0317.0.0317,0. 0534
6.0. 0304,0. 0775,0. 0773.0. 0773/
DRTR TK1V

1 30 0.8. 0,3. 7,3. O
2.5. 2.3. 1.3. 0.3. 3
3.3. 1.4. 6.3. 8.3.

1

4.3. 1.3. 4.3. 3,3. O
3,3. 1,1. 9,1. 9,1. 8
6,3. 1,1. 3,1. 5,1.3/ . .

J«<T0RQUE«-3O>/2O
IFtTORQUE. LT. 203J-1
I FC TORQUE. GT. iOO>J-6

C CONVERT TWO MOST SIGNIFICANT BCD DIGITS TO BINARY TIMES 100
RPMB-O
IBCD-4096 • - ... .. ..

IRPM-IRi
DO 100 1-1.4
RPMB-RPMB+10-MRPM/IBCD -

I RPM=MOD< I RPM . IBCD>
iOO I BCD” I BCD/16

I —RPMS/500 ... _ - . . .

IF<RPMB. LT. 100O> 1-1
IF<RPMB. QT. 2000>I-4
GAIN-TK< I , J> -- ...
RGRIN-TK1CI. J> *

RETURN -

— END --- . • : - . ..

C FILE DACOi. FR 6/30/77 '

C TASK TO INPUT DRTR, STORE DRTR. REDUCE RND OUTPUT DRTR. - -- -

TRSK DRCOL
COMMON /OUTCO/DDUMP . LDUMP/CONGO/CONGO/DPKEV/DPKEY1 . NTRV

1 /TTSET/DATSEL.NREPS/TTVAL/OUTVAL<10>/KEVS/CLKEVl
2/1 DEV/ I DEV < 3 >/ 1 DVD I / 1 DEVD I/NDEV/NDEV/ I DVDO/ I DEVDO/MGKDO/MASK
3 /INDRTR/INDRTR<50)/LDSEL/LDSEL<48>/SMULT/SMULT<50>/FS0UT/FS0UT<3>
4 /USECO/ 1 USECTR , ISRVUSE/R2/R2/R/R/B/B/Al/Rl/m/Ml < 2>/ 1 B8/ 1 D8 < 2 >

2 /INSRVE/INSRVE<18. 50)
C OUTCO : LOGICAL VARIABLES FOR DUMP REQUESTS.
C TTVRL: ARRAY of VARIABLES <QUTVHL> TO BE OUTPUT TO THE CONSOLE- - .

C TTSET : RRRRY OF VARIABLES SELECTED FOR OUTPUT TO CONSOLE <DATSEL>.
C AND NUMBER OF INPUTS TO BE AVERAGED 8EFDRE OUTPUT CNREPS>.
C KEYS : MESSAGE CHANNEL FROM USER CLOCK SUBROUTINE TO THIS TASK.
C DPKEY : MESSAGE CHANNEL FROM THIS TASK TO CONSOLE OUTPUT TASK FOR
C SIGNALING WHEN AVERAGES ARE READV FOR OUTPUT.

EQUIVALENCE <IVALDI<0>. INDATA<?33>> . .. ._

INTEGER DPKEY1, DATSEL<10> .CLKEY1
LOGICAL DDUMP.LDUMP. CONGO
DIMENSION SAVAL<10>. IVALDI <0 : 5> . ID<2> ... . .

DATA. I DEV/4352. 0. 31/NDEV/32/
DATA I DEVD I /4608/Ml/—1 , -l/IDB/4603, 4608/
NDPREP-1
MESS-1

C BEGIN DATA INPUT
1000 IPOIN-l
11OO CONTINUE

C WAIT HERE UNTIL THE USER CLOCK SUBROUTINE SENDS THE MESSAGE INDICATING
C TIME TO SAMPLE DATA.

CALL REC<CLKEY1.MESSR>
ISAVUSE-IUSECTR
IUSECTR-0
IF <MESSR. EQ. 1> OO TO 1130
NTRY-1 i TELL CONSOLE OUTPUT TASK TO OUTPUT AN ERROR MESSAGE.
CALL XMT<DPKEV1.MESSR.*1150>

1130 CALL D0LU<1. IDEVDO. -8192. MASK. MSTAT>
CALL DIU<1, IDEVDI. IVRLDI <0> . MSTAT3 J DIOITAL INPUT CALL
IF<MSTAT. NE. 1) TYPE “DIN MSTAT-* . MSTBT
CALL DOLWtl, inEVDO.-ei91.MAAK.MT.TAT>
CALL MW* 1. IDEVDI . I VACDI <1 > . MSTHT)
IFtMSTHT.NE. 1> TVPE“MSTAT3 .MSTAT
CALL DOLUvl, IHEVPO. -819*3. MASK. MSTAT>
CALL DIUO . IDEVDI . 1VA|_DI <7>.MATHT>
IF<MSTRT NE 1> T *MATAT 2— **

. MSTAT
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coll poi m»i. invvt"j. -«iH^.Mrtsr.rrr.rrtT>
CM-i dii-n i . i jifvpi . ivaldi < 3> .m.stht)
IFttlSTHT NT n ITVRF-n '.1i,T3-« .If .TAT
call Dot w- 1. n<‘vno.-«ift6.r>«'>'.mTftT»
CALL BlUd, jr»:vDI . IVAlDI <4 • .hstmt*
XP<nSTrtT. he. l> typi “n';TiiT4-* . rr.Tn

r

CALL IK* Wtl. IDFVDO.-HtRf.MMSK.miB'*')
CAUL filUil. IDEVDI . IVAt I'IT3».MSTAT'>
JFtfISTBT. HP l» TVPE*n-'.TAT3-" .MSTAT
CALL DOt W<1, lI>eVP0.-ei?7.MHSI'.nSTfir>
IFtMSTAT HE 1 > TVPE“nSTAri3«" .M5TAT

• CALL RISCUCNDEV, IDEV. INDATA.MSTAO ; ANALOG INPUT CALL
IF CMSTAT.NE x> TVPE *AlSOW Mot RT - " « MSI AT
I D< 1 )— I NDATAf 14 >

_ ID<2>«INnATA<-38)-t-4Q96
CALL DCL<2, ID8„ ID.Ml.MSTRT)

C HOX PANGE

HAH-<IVALDI<3>. AND. 13)
XF<MAN. £Q. 36) GOTO iOO
SF<MAN. EO. 1> A-l. O
IF<MAN.E0.2> ft-10.

0

IFtMAN.EQ. 4) R-lOO O
XF<MAN.EQ.8> A-IOOO. 0 ...... . .

HAN-<IVHLDI<3). AND. 112>
IF<hAN. EQ. 16) B-10.

O

IFtMAN. EO. 32) B-3. 0 -
IF<MAN. EQ. 64 > B-2. 0
A-R*B

C CHECK CO RANGE .
- -

IOO MA-<IVALDI<3>. AND. 4096)
Al-3.

0

IF<MR.EQ 4096) Al-2.

0

C CHECK C02 RANGE
HAH-< IVALDI <3>. AND. 8192)
B=i6.Q .... . - - .. --

IF<MAN. EO. 8192) B-3. 0
C CHECK HC RANGE

A2-5Q.O -- — -

MAN>< IVALDI <4>. AND. 63)
IFCMAN. EQ. 8) GOTO 150
IFtttAN. EQ.l) 82-1.0 . . .

‘
.

SF<MAN.EO. 2) A2-3.0
IFCMflN. EQ. 4 > R2-10 O
IF<MAN. EO. 16) A2-100.Q .... . .

IFtMAN. EO. 32) R2-300. 0
150 SMULT<10>=A2= 046613962 _

C END DATA INPUT AND BEGIN SELECTED DATA STORAGE V*- -

DO 2000 1-1,18
INDAT-I.BSEL < I >

2000 INSAVEO, IPOIN)-IND8TH< INDAT) ..

t END DATA STORAGE AND BEGIN CONSOLE OUTPUT
IF <. NOT. CONGO) GO TO 3000 ... ...
IF <NDPREP. NE. 1) 00 TO 2200
DO 2100 1-1,10 - ^

2100 SAVAL< I )—

0

2200 DO 2300 1=1.3 ...
INDAT=PRT3EL< I

)

CALL DATRANSC INDAT, DATAVAL) ; CONVERT INPUTS TO ENGINEERING UNITS.
2300 SAVAL<I)»SAVAL<I)+DATRVAL ; SUM THE DATA UNTIL TIME FOR AVERAGE.

IF <NDPR£P. LT. NREPS) GO TO 2600
DO 2400 1=1,5

2400 OUTVAL < I ) “SAVRL < I )KHREPS ; GET AVERAGE BV DIVIDING SUM BY NREPS.
DO 2430 N-6.10
INDAT-DATSEHN)
CALL DATRRNS< INDAT, DATAVAL) . .

2430 OUTVAL <N> “DATAVAL
C TELL CONSOLE OUTPUT TASK THAT THE OUTPUT BUFFER IS FULL.

CALL XMTCDPKEV1. MESS. *2500)
2300 NDPREP—

0

2600 NDPREP-NDPREP »1
C END CONSOLE OUTPUT AND TEST FOR DUMP REQUESTS - - - -
3000 IF CDDUMP. OR. LDUMP) CALL DUMPS
4000 IPOIM-IPOIN+l .

IF <IPOIN. GT. 30) GO TO lOOO ...
GO TO 11OO —r»

END
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C FILE SU8DUMPS. FR 6-23-77
C SUBROUTINE TO CONDENSE ENGINE TEST DATA AND DUMP RESULTS TO DISK
C AND/OR LINEPP INTER

SUBROUTINE DUMPS
COMMON/NBUMP/NF I LE/LDSEL/LDSEL C 48>/OUTCO/PDUMP . LDUMP/LAEELS/LA8EL

1 /CPRAM/TORQUE.PPM.SPKAPV. DSPK . AFRAT . PAF. EGR. DEGR
2 /I NPATA.'INDATACSO >/I NSAVE/ INSAVEC 13.50)

C NDUMP : DISK FILE NUMBER <NFtLE>
C LDSEL: MATRIX FOR STATISTICAL CALCULATION AND OUTPUT FORMAT
C SELECTION
C OUTCO: SNITCHES SET BV OPCRRTOR IN SUPERVISOR FOR LPT DUMP CLDUMP)
C OR DISK PUMP < DDUMP >

.

C LA9ELS STRING MATRIX OF OUTPUT VARIABLE NAMES.
C CPRAM NOMINAL CONTROLLER SETPOINTS INPUT IN SUBROUTINE COMMAND.
C INDATA CURRENT INPU1 PATH FRCCEN WIEN PUMP IS REPUESTED.

DIMENSION LA8ELC4,3a>.DSAVEC30>,PVnLSC48>.SIGNASC18> .PEVMAXC18)
1 . IPATEO). ITIMEC3)

~ LOGICAL PDUMP.LPUMP
PEAL MAXVAC

C BEOIN CALCULATIONS TO CONDCNSE DATA
DO 2990 .1-1.18
SAVAL-0
DO 2000 K-l.SO

' NDX-LDSEl.CJ>
• INPOTO<NPV»-lNOAVE< J.Kl

CALL DfnPA*rS<NOX.PETVOL> ;

SAVAI -SAVK KETVML ' ” ”

2000 DSAVEf K>-RETVAL ---

aveval-saval/so ; average
DVALSC J)-RVEVAL
savrl-o
MAXVAL-0
SQRVAI.-0
DO 2100 K-1.30
SQUARE- CPSAVECK)-AVEVAL>**2
SAVAL-SAVALSQUARE
IFC SQUARE. LT. SQRVAL) OOTO 2030
SORVRL-SQUARE
MAXVFU.-DSAVECK)

2050 CONTINUE
2100 CONTINUE

S IGMAS

<

J ) —SORT <SRVAL/3Q > ; STD DEV
DEVMAXCJ)-MAXVHL. . ; OREATEST DEVIATION

2990 CONTINUE .

C END STATISTICAL CALCS AND FINISH FILLINQ OUTPUT BUFFER
DO 3100 J-19.48
IHSEL-LDSELCJ>
CALL DATRANSCINSEL.REXVAL)

3100 DVRLSCJl-RETVRL
C END CALCS AND OUTPUT TO LINEPRINTER AND DISK

CFiLL DATE < I DATE. I ER)
CALL TIMECITIME. IER>
UR I TEC 12. 100) C I DATEC I). 1-1.3). < IT I ME C I > » 1-1.3)

100 FORMAT C "OENG I NE TEST DATA" . 10X, 12. lH/» 12. lH/» I2.10X. I2.1H: .12
1 . 1H : . 12)
IF C. NOT. DDUMP) GO TO lOOO

C DISK DUMP
DDUMP- . FALSE.
WR I TEC 12, 200 > NFILE

200 FORMAT C * DISK BUMP". lOX. "FILE «*“.I3>
CALL APPENDC5."DPl:ENGPATA".IERR>
IF CIERR.HE.l) TYPE "APPEND 1ERR-" . IERR
WRITE BINARVC5> I TYPE. NFILE. < IDATEC I > . I-l, 3) , < ITIMEC I ) , I-l»3>
1 , TORQUE . PPM , SPKADV , AFRAT , EGR . C LBSFLCO. 1-1.48)
WRITE 8INMRYC3)CDVALSC1). 1-1.43). CSIGMASCO. 1=1. 18>

. 1 , CDEVMAXCO, 1-1,18)
NFILE-NFILE+1
CFILL CL0SEC3. IEPR> — • - -

IF C IERR. NE. 1> TYPE "CLOSE IERR-"* IERR
lOOO WR ITEC 12.11001
HOO FORMAT C’ONOM I NAL"*11X, "TORQUE". 2X, "RPM“*3X. "SPKADV". 3X. ...

1"R/F*,4X, "EGR")
WR I TEC 12. 1200) TORQUE, RPM. SPKADV. AFRAT, EGR

1200 FORMAT C16X, 3F8. 2) . - - ...

IF < . NOT. LDUMP) GO TO 9999 *
• •

C LINE PRINTER DUMP
LDUI1P-. FALSE. ... .

DO 3500 1-1,2
JEND-9+I
JSTART-JEND-8 . _
WR I TE C 12 » 3030 >

5050 FORMAT ClHO, 8X.2)
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DO 3150 J-JSTART. JEND
INSEL«LDSELCJ>
URITEC12.3100>LA6ELC1, INSEL)

3100 FORMAT < IX, S8, Z)
3130 CONTIHUE

UR1TEC12.5700>
UR ITEC12* 3200> CDVALSCJ) , J-JSTART. JEND>

3200 FORMAT C" AVE-.3X.9F82>
UR ITEC12,530O>CSIGMASCJ>. J-JSTART, J£ND>

3300 FORMAT <
- VAR" . 3X. 9F0. 2>

UR I TEC 12. 5400> <DEVMAX< J> * J-JSTART, JEND>
• 3400 FORMAT c- UORST *,9F8. 2>

3300 CONTI HUE .

DO 3800 L-19,19,1
M-L*9
UR I TEC 12, 3700)
DO 5630 I-L.M
INSEL-LDSELC I>
UR I TEC 12, 3100> LABEL C 1 , INSEL > *

5650 CONTINUE
URI TEC12, 5700)
URITEC12 . 3700>CDVALSC I >, I-L,M>

3700 FORMAT C IX, 10C1X.F7. 2> >

5800 CONTINUE
9999 RETURN

END

C FILE DATPANS.FR 6-23-77
C SUBROUTINE TO CONVERT INPUTS TO ENGINEERING UNITS. INPUT IS
C VECTORED TO AN APPROPRIATE CONVERSION ROUTINE BV A
C COMPUTED GO TO STATEMENT ON THE POUTING MATRIX CNPOUT).

SUBROUTINE PATRANSC I DNUM. RCTVAL

>

COMMON /KOI )TN/NROUT.'CONST ‘CONST
1 /NAVAL /pnVALC9>.'SMitl.T/SMNl.TC50‘>/lNliATA/INrATA<50>
2 /CONSET/t‘OMRI’M.r>CSRfn.CNF.PM/HFe/AFE/HFS/nFS/Al/Al/B/D
3 /OFFSET ./OFFSET C30>
4 /U3EC0/IUSFCTP. ISAVUSE

C ROUTN : MATRIX ».NRO"T> TO VECTOR INPUTS TO CONVERSION ROMTINES
C IDENTS: INTEGER MATRIX CIPLNT> USED IN :>OMr CONVERSIONS.
C SMIJL T , OFFSET ‘ REAL MATRICES l>Sr P IN SOME CONVERSIONS.
C INSTS: SSM»JLATH> COMPUTCR PROGFTtM FAR ITJ-K DEFIICD VARIABLES
C CONST S CONSTIsNI 9 f OR LM.P ICFIIO VNUIHELES.
C DAVHL: HPKAV CUNT A 1 N| NO TEMP. (M’S! AND HUMFEuM
C SFTPACOL SI*UFTiUriNE
C INDATA ARRAY CONTAINING CURRENT INPUT DATA
C CONSET CONTROL VARIABLES

EQUIVALENCE CTCMP. PAVAl <7> > , < PRESS » PAVALC B> > . CHI.IM . PAVYILf')) >

1 . CSMT'IIIT . PAVALC6> > , CEGR. PAVAL<2> > . CPEX, DAVALC3) > . C PPOR. PAVAL<4>>
2 . C PA I R . PAVAL f 3 > >

DIMENSION NPOUT (50> » CONST < 15> . STACK C13>
INTEGER CONPFH , DESRPM
LOGICAL CNRPn
DATA NROIJ T/1Q* 6.23.24. 2*6 .12,13.14.15. 3*6 ,4*26.27.23.21.22

1,16, 17, IS. 7. 20. 19, 2*6. 7. 11, 10, 8. 9. 3. 4, 5, 5« 2/ /

DATA SMULT/12*0. .-. 043023. 04333.4*0. 004443G0.0 073436.1.0,
.4*1. ,8*0. .4*1. .13*0.

/

DATA 0FFSET/18*0 .7. 33,-6. 1, 30*0. 0/
C VECTOR INPUT TO CONVERSION ROUTINE.

N«NROUTCIDNUM>
GO TO CIOO. 1000.3000, 3100, 3200. 4000. 3000. 6000. 7000, 8000. 9000

1.4100. 4200. 4300. 4400,4500. 4600, 4700. 4600.4900. 3300.3400
2 . 3300 , 3600 . 3700 . 3300 . 3900 >.

N

C DIRECT READING OF INTEGER INPUT.
100 RETVAL- INDATAC I DNUM)

RETURN
iOOO RETURN
3000 RETVAL-TEftP

RETURN
3100 RETVAL-PRESS . . .........

RETURN
3200 RETVAL-HUM

RETURN
C AFE-A/F BASED ON Eft I SS I ON . AFS-A/F BASED ON DIRECT MEASUREMENT
3300 RETVAL-AFE

RETURN
3400 PETVAL fcAFS

RETURN
C EVALUATE CO READING
3500 A-INDATAC IDMUM>/2048.

IFCAl.EO.3. > GOTO 3330
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c 0-2y. RANGE
RETV0L“. 0034*1 . 3330*0*. 6349*0**2
RETURN

C 0-5* ROUGE
3550 IFCO.GT. .59) GOTO 3570

RETVflL®. 0026*2 3422*0+2. 4337+0**2
RETURN

3570 RETVOL-. 6642*4. 4127+0**2
RETURN

C - C02 VALUE - - - —
3600 fl=INDRTOC IDNUM>72048.

IFCB.EQ.16. > GOTO 3650
C 0-5* PONCE

RETVOf. 1245*2. 08+0+2 8774*0**2
RETURN

C 0-16* RONGE - - -

C CHECK FOR PORTION OF SCOLE
3650 IFCO GT. . 71) GOTO 3670
C LOU PORTION OF SCOLE

R£TV01_=. 0955*4. 0676*0+9. 3106*0**2
RETURN

C HIGH PORTION OF SCOLE
3670 RETVOL-3. 4915+11. 7331*fl+*3

RETURN
3700 RETVOl.=POIR

RETURN
3800 COLL LOTROMS<33. PPM)

RETVRL+C INDOTOC IDHUM)*8. 7890625+1. 0E-5-Q 006>+RPM
RETURN

C OIR FUEL ROT 10
3900 COLL DOTPONS C 14 . FUEL > . ......

COLL D0TR0NSC33.0IR)
RETV0L=0 I R7FUEL
RETURN

C ROUTINE TO MULTIPLV INPUT BV O CONSTANT BNP ODD CONSTONT OFFSET.
4000 RETVOL=SNULT < I DNUM > + INDOTOC I DNUM) +0FF3ET < I DNUM)

RETURN
C OIR TEMPEPOTURE CENT1GR0DES > '

4100 0= INDOTOC I DNUM) 7500.
RETVRL=»71. 566+12. 5838+0*. 34164+0**2*. 1206*0**3
RETURN

C OIL TEMPEPOTURE CENTIGRODES
4200 O* INDOTOC I DNUM >7250.

RETVOL-199 139*7. 335*0+ . 09072*0**2*. 01026+0**3
RETURN

CEXOHOUST TEItFEROTUPE CENTIGRODES
4300 0=1 NDOTO*' I DNUM >7100.

PETVOL*1167. 42*18 3132+0*. 12726+0**2*. 0009+0**3
RETURN

C WATER TEMEROTURE CENTIGRODES
4400 O+INrOTO' IDNUM>7500

RETVOL-189 6*15. 4665+0*. 40068+0++2+. 03982+0++3
RETURN

4500 RETVOL-DPOR
RETURN

4600 RETVOL-PEX
RETURN

4700 RETVOL-EGR
RFTURH

C SPOPK ADVANCE RFODING- 1NVCRTED OCD
4000 INPEVS- NOT INDOTOC I DNUM)

, GOTO 5100
.

C THROTTLE READING INVt R TED 4 DIGIT BCD
~

4900 3- NOT INDHTHCIDnUM) • •

-INREVS-I.RND. 32767
"

HT-0
IP<I.LT.O> KT-0
GOTO 5100

C ROUTINE TO CONVERT FROM BCD DIOITOL INPUT.
5000 IHREVS-INDOTOC 1DNUM)
5100 D1-1HREVS.RKD -4096

D2-INREVS. AND. 3840
D3-INREVS. RMD. 240
D4-INREVS. OHD. 15
RETVOL-D174. D96+D272. 56+D371. 6*D4
1FC I DNIS1 EQ . 33) RETVOL-RETVOL+. 272727
IFCIDNUM. EO. 35> RETVOL-PETVHL*.

1

IFCIDHUM. EO. 34 > RETVOL-. Ol+CPETVRL+NT+lOOO)
RETURN ...

6000 RETVOL-COMRPN
return

7000 RETVOL-O ....
B-ll
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IF <CNRPM> RETVAL-1
RETURN

8000 RETVRL-DESRPM
RETURN

9000 RETVRL-1. 0-ISfiVUSEy'<SMPINT*1361>
RETURN

- - END -

C FILE D3TT0UT.FR 6-30-77
C TRSX TO OUTPUT DATA RND ERROR MESSfiGES TO THE OPERRTORS CONSOLE.

TASK TTOUT
COMMGNyTTSET/,DfiTSEL.NREPSXLA6ELS/'LR8eL/'DPKEV/'DfiKEYl.NTRV -

1 XTTVHLXOUTVALXTTSEnXTTOEX
C TTSET : OUTPUT SELECTION RRRRV USED TO GET LRBELS.
C LRBELS: OUTPUT VRRIRBLE LABEL RRRRV.
C DPKEY : RESSRGE CHRNNEL TO COnnUNICRTE THRT OUTPUT TO CONSOLE SHOULD STRRT.
C TTVRL: OUTPUT BUFFER FILLED BY DROOL.
C TTSEM: CRT EXCLUSION SEMRPHORE. - -

DIMENSION LfiEEL<4.50>.0UTVALd0>
INTEGER DATSELdO) . DRTRVRL. DPKEV1. TTOEX
MESS-1

lOO DO 200 I -1.10
CALL PEC < DPKEV1 . MESSR > ; WRIT HERE UNTIL OUTPUT BUFFER IS FULL.

• — CfiLL -REC< TTOEX , MESSR2) i WRIT UNTIL CRT-IS FREE.
IF (MESSR NE.1> GO TO 300 ; JUMP TO THE ERROR MESSRGES.
IF <1. NE. 1> GO TO 190

C PRINT fi HERDER EVERY TENTH TIME. - .......
DO 130 J-1,10 - ,

....
N-DRTSEL<J>

130 WRITE (10. 160) LRBEL(l.N) - ... . . _
160 FORMRT ( IX . S8 . Z >

WRITEdO. 210>
GO TO 195

C OUTPUT fi LINE OF DfiTfi.

190 WRITEdO. 210>(0UTVfiL(N> .N-1.10>
195 CfiLL XMT < TTOEX. MESS . * lOO > ; RELEASE CRT TO OTHER THSKS. v

- ...

210 FOPMRTdX, 10F8. 2>
200 CONTINUE

, .

GO TO 100 .

C COMPUTED GO TO VECTORS PROGRAM TO ERROR MESSRGE. .

300 GO TO (400, 500 > NTRV
400 TYPE "DRCOL CLOCK XMT ERROR “.MESSR - _ .. .

GO TO 195
500 TYPE “CONTR CLOCK XMT ERROR" . MESSR

GO TO 195 - — —
END

FILE CLOCK. SR 6-30-77 .. _

USER CLOCK ROUTINE: DECREMENTS CLCTR, RN INTEGER SET BY SUPER. TO O
THEN SENDS R MESSAGE TO DRCOL TO SAMPLE INPUT DATA. RLSO DECREMENTS
CNCTR, A LOCRL INTEGER. TO O THEN SENDS A MESSRGE TO CONTROLLER TO PERFORM
CONTROL FUNCTIONS.

CLOCK:

CNCUC:

CLOUT:

. TITL CLOCK
. COMM CLKCT 2 J TIMING COUNTERS SET BY SUPER FOR DRCOt, .

. COMM KEYS 1 I MESSRGE CHRNNEL TO DRCOL
. COMM CONKV 1 ; MESSRGE CHRNNEL TO CONTROLLER
. ENT CLOCK
. EXTN . UCEX
. EXTN . I XMT
. NREL .

STH 3 SRC3 ; SAVE RETURN ADDRESS
LDfl 1 PI
DSZ 0CLCTR ; STRRT DRTR SAMPLING COUNT LOOP
JMP CNCLK
LDR 0 CLKV1
. IXMT ; SEND MASSAGE TO DRCOL TO SAMPLE DRTR
STR 2 0CLKV1 i RETURN ERROR MESSRGE IN CLKY1 *•

LDR 3 0CLCT1 i RESTORE COUNTS FOR NEXT LOOP
STR 3 DCLCTR
DSZ CNCTR I DECREMENT CONTROLLER TIMER AND TEST FOR ZERO
JMP CLOUT
LDR 0 CNKEV
. IXMT ; transmit messaoe TO START CONTROLLER
STR 2 PCNKEV ;SFND FRROP MFSSAGE IN CNKEY
LDR 3 CONCT ; RESTORE CONTROLLER TIMER
STR 3 CNCTR •

LDR 3 SAC3 ; RESTORE RETURN ADDRESS
.ucex
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CLCTR: . GRDD CLKCT O
CLCT1

:

. GRDD CLKCT 1
CNCTR

:

6
CONCT: 6
CNKEV

:

. GRDD CONKY 0
CLKVi: . GRDD KEYS 0
SRC3: 0
Pi: • i

•
-- - . .

C FILE USECTR. FR 8X1/77
TASK COUNT
COrnON XUSECOX IUSECTR, 1SRVUSE

'

3 X-l. 3»2
A isz e. >3
fl JMP . +3
fi JMP .*-2 -

R . GRDD USECO> O
GO TO 3

f END -•
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REGRESSOR VARIABLES OF THE GLOBAL FUNCTIONS

A global function of either fuel or log (emissions) depends on

AF, SA, EGR, RFM and TORQUE and can be evaluated by the formula:

56

F = £ b.x. (C-l)
. , 11

where b^ are the regression coefficients listed in Appendix D for

the various functions both for second and third order polynomials,

x^ are the regressor variables which are products of the independent

variables and F is the function value.

The various x. are as follows:
1

X
1

= 1 (C-2)

X
2

=
AF rr;

15
= " (C-3)

X
3

=
SA —
40

= SA (C-4)

X
4

=
EGR -— = EGR

(C-5)

X
5

=
RPM —

—

- = RPM
1500

(C-6)

X
6

=
TORQUE— = TORQUE

15
(C-7)

X
7

= AF
2

(C-8)

X
8

= SA
2

(C-9)

X
9

= EGR
2

(C-10)
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(C-ll)
o

- 2
RPM

o
X
11

TORQUE

“

X
12

- AF-SA

X
13

= AF • EGR

X
14

= AF ’RPM

X
15

= AF -TORQUE

X
16

= SA • EGR

X
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= SA -RPM

X
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= SA 'T0RQUE

x = EGR -RPM
J- y

X = EGR ’TORQUE
zu

x = RPM -TORQUE
^ 1

22
= AF"

x
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= SA
‘

x
24

= ^
x = RPM

X
26

= TORQUE

27
= AF

2
-SA
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(C-15)

(C-16)
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(C-27)

(C-28)



X
28

= af
2
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X
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2
-RPM (C-30)

O . „ „

X
30

AF“- TORQUE (C-31)

X
31

= sa
2
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2
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2
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2
-af (C-36)

X
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2
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X
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o

(C-38)

X
00 00

= EGR“ -TORQUE (C-39)
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X
40

= RPM
2
-SA (C-41)

X
41

= rpm
2
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o
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X
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o _

X
43

TORQUE“ -AF (C-44)

O
X
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= TORQUE” -SA (C-45)
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x , c45
= TORQUE" • EGR (C-46)

x. _
46

=
2

TORQUE -RPM (C-47)

x
47

= af-sa-egr (C-48)

X
48

AF-SA-RPM (C-49)

X
49

= AF-SA- TORQUE (C-50)

X
50

= AF -EGR -RPM (C-51)

X
51

= AF- EGR -TORQUE (C-52)

X
52

= AF -RPM -TORQUE (C-53)

X
53

= SA -EGR -RPM (C-54)

X
54

= SA- EGR- TORQUE (C-55)

X
55

= SA -RFM -TORQUE (C-56)

X
56

= EGR -RFM -TORQUE (C-57)

AF, SA, EGR, RFM and TORQUE are given in (C-3) - (C-7)

.
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REGRESSION COEFFICIENTS OF GLOBAL FITS
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Appendix E

REGRESSOR VARIABLES OF THE 40 INDIVIDUAL FUNCTIONS

Any of the functions of fuel or log (emissions) in the various

torque/rpm points depends on AF, SA and EGR and can be evaluated by

the formula:

35

F = E b.x. (E-l)
. , ii

where are the regression coefficients given in Appendix F for the

various fourth order polynomials, x^ are the regressor variables which

are either regular or Legendre polynomials of the independent variables

as given below:
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where

AF = AF/15 E-37)

SA = SA/40 (E-38)

EGR = EGR/7 (E-39)

and

Pj(x) = X (E~40)
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P
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P
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for: NO at 1800/250 RPM/lb ft, HC at 2250/50 rpm/ft lb, NO at 2900/72

rpm/lb ft and HC at 750/15 rpm/ft lb.

For the rest of the 35 functions P^-P^ are the Legendre Polyno-

mials which are:

Pj(x) = X (E-44)
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2 - 0. 5 (E-45)

P
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3
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P
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Appendix G

OPTIMIZATION PROGRAM

Figures G. 1 - G.
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Fig. G-l
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IMPLICIT REAL*8(A-H. 0-Z)
C THE OPT PROGRAM EVALUATES OPTIMAL FUEL CONSUMPTION LU.iJtcT TO
C EMM 1 3 ION CCNSrnAINTSIKC. CO. NO) AND CHECKS THAT THE INDEPENDENT
C VAR IA0LE5-AIR FUEL RAT 1 0 ( AF ) . SPARK ADVANCE(SA) AND EXHAUST CAS
C REC I RCUL AT I ON ( ECR ) ARE IN THE DRIVEADILITY RANCE.
C TUO METHODS OE SOLUTION ARE AVAILAOLE:
C 1. IC-0 OPTIMAL FUEL And EMISSIONS ARE EVALUATED FCM OJVCH
C VALUES OF LACRANCE MILT I PL I ERS (LAO MULT).
C 2. IC-l OPTIMAL FUEL IS EVALUATED FOR A CIVEN EMISSION CONSTRAINTS.
C THE LAO MOLTS ARE ITERATED UNTIL A CONVERGENCE CMIERIA HAS BEEN
C MET.
C

DOUBLE PRECISION X «3) . EL 1 3 ) . D (3) . Y ( 10. 3) , 0(3). 01 (3 ) . C?(3>.
IDC < 6 ) i XX { 10. 3). 0(4.35). X 1 (3 ) . CU( 10 > . CH 1 10).
2C<3>,A(70).A1(4).D1(4).C1(4).C2<3).DE(10. 4>. VY< 10. 6 ) . RO. A3 (6).
3DI (3). CLC3). S<3> . AL<6. 3), BL<6>. 0(3. 3). R(6>,U<3>. C0<3>,
4QCDO). ELL<3). DD (3). YL(3). YS ( 10. 3) , F0<4. 4>. SB (40. 33)
COMMON/OP T /O. 8. Air Cl. NV, NC. I. NCI
COMMON/PAR/ IP
COMMON/YM/YY. S. CU. CH. FO. IOC
DIMENSION ISTATE<6>. 1N"DEX (6) , I0C<4>. ITOR(IO), IRPMUO)
LOOICAL CONV, NACTVE
EXTERNAL FUNCRD. HESS

C
C THE MEAN I NO OF THE VARIABLES APPEAR INO IN THE PROGRAM:
C LL- • OF TERMS IN REGRESSION EQUATION.
C NP- » OF POINTS OF CONSTANT RPM AND TORQUE.
C NC1-# OF ACTIVE FUNCTIONS
C IC- IF 0 THE ENGINE EMISSIONS AND THE OXIDIZINO CA1AI Y3T(0C>
C EMISSIONS ARE EVALUATED. OTHERWISE THE THREE WAY CATALYST
C (TWO EMISSIONS ARE EVALUATED.
C NV1- * OF INDEPENDENT VARIABLES.
C IP- A FLAO DETERMINING THE AMOUNT OF THE PROGRAM PRINTOUT.
C 10- AN INDEX SELECTING THE TYPE OF OPTIMIZATION PROGRAM.
C IPRINT- A PRINTOUT FLAG FOR THE LCMNA SUBROUTINE.
C NO- » OF TIMES THE LAG MULT IS CHANCED WHILE IN THE IC--0 MODE.
C IOC- A 4 ELEMENT VECTOR. 1 ACTIVATES THE CORRESPOND INO FUNCTION.
C I.E. IF I0C(1)-1 THE FUEL FUNCTION IS CONSIDERED.
C SUBSCRIPT 2-HC. 3-CO. 4-NO.
C XX IS THE INITIAL POINTS MATRIX.
C Dl- THE DESIRED CHANCE IN THE LAO MULT.
C C- THE VECTOR OF DESIRED EMISSIONS FOR 10-1
C A3. B 1- INCLUDE COEFICIENTS FOR THE CATALYST TYPE.
C 0- THE INITIAL LAC MULT VECTOR.
C RO- FUEL DENSITY ( LB/CALLON

)

C C- VECTOR OF LAO MULT: HC. CO. NO
C

DATA A3/1. 3405D— 1. 1. 3405D-1. 1. 9530D-1.3. 35D-2. 2. OC-2. I. 567D-1/-
DATA Bl/O. ODO. 2. OD-1. 4. ODO, 0. 01)0/

DATA IT0R/50. 25. 75, 50, 38, 20. 85, 72. -14. 15/. IRPM/1700. 1O00
..2100,2230.2600.1400.2500,2900,1800.750/
NNO-O
DO 10 K-1.3
DQ<K>-0. ODO
XKK>-0. ODO

10 X(K)-0. ODO
RO-6. 3D0
IC-0

C INITIALIZE LCMNA PARAMETERS
ML-6
NADIM-6
NQDIM-3 .

'

NACTVE-. FALSE.. . _ .. .. ..
ZTOTOL-1. OD-2
BTEPMX-1. 5D0

C READ LAO MULTS, LCMNA CONVERGENCE CRITEIA. AND SYSTEM lM-dTHATIOM.
READ(5» 1010) (C(K>. K-1.3). AC ZTOL.EPSMCH. ETA
EPS-DSQRT ( EPSMCH

)

READCS. 1020)LL. NP.NC1. IC.NVl, IP. 10. IPRINT.NC, (I0C<L>.L-1. 4>
NV-NV1

C READ INITIAL POINT ARRAY AND INITIAL VALUE OF FUNCTION
READ (5. 1030)((XX(I. J). J-l.NV), I-I.NP)

C READ INCREMENT IN LACRANCE MULTIPLIER AND EMMISION LEVEL
• READ(5, 1010) (D1(K). K-1.3). (C(K). K-1.3)

C NC2- # OF CONSTRAINTS
C Al TERMS ARE:
C 1- A MULTIPLIER OF THE FUEL FUNCTION WHICH IS A
C FUNCTION OF CU AND CH(EPA URBAN AND EPA CYCLE)
C 2:4 -MULTIPLIERS OF EMISSION FUNCTI0NS(A3 1EHMS)
C WHICH REFLECT CATALYST TYPE TO BE USED.
C Cl TERMS ARE:
C t- 1.

C _ 2: 4 -LAO MULT. OF HC. CO. NO
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G-l Continued

03400
00500
08300
00700
08000
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09100
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09300
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10700
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11900
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12700
12800
12900
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13900
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16600

NC2-NC1-1
N-NV
Cl ( 11-1. 000
DO 20 K-2, NCI
L-K-l
A 1 (K)“A3(l_>
C1<K)-0(L)

20 CONTINUE
Jl-1
1 J-0

C READ POLYNOMIAL COEFFICIENTS
DO 30 L -1. 40
READ15. 1040) (DO(L. KKK-l, 35)

DO CONTINUE
40 KK-0
50 DO 70 K-l, 6

IF (K. OT. 3) COTO 60
01(H)*0(KI
DC(K)«0. ODO
COTO 70

60 DO ( K 1 -DC t VC—3 >

C PRINT THE INITIAL VALUES'
70 CONTINUE

IF( IP. LT. 2) COTO 00
WRITE(6. 1030) (G(K).K— 1,3)
WRITEI6. 10201LL2. NP. NCI. NC. IC. NV, IP. 10
WRITE <6. 1030) ( (XX< I. J>, U-l, NV). I-l, NP>
WRITE (6. 1030) CU(1). Altl).Al(2). (CUD. 1-1.4)
WRITEI6, 1030) DKl).C(l)

C
C START THE MAIN ITERATIVE LOOP:
C EVALUATE THE MINIMUM OF THE N SEPARATE ADJOINT FUNCTIONS
C THE EXPRESSION TO BE MINIMIZED IS:
C SUM (At (k)*Cl(k)»F(k)> k-1.4
C k-l FUEL
C k-2 HC
C k-3 CO
C k-4 NO
C THE TERMS TO BE CNSIDERED ARE THOSE WITH IOC(K)-i.
C

BO F2=0. ODO . -

DO 240 I-l.NP
C INITIALIZE CONSTRAINT EQUATION

DO 90 K-l.

6

DO 90 M-1.3
. . 90 AL(K. M)=0. ODO . . _

DO 100 K=d» 6
J-K
IF(K. OT. 3) J-K-3
AL(K. J>-1. ODO
ISTATE(Kl—

1

IF«K. OT. 3) ISTATEIK)—

l

100 CONTINUE
BL( 1 )-YY ( I « I)/S( 1)

BLC2)-YY(I.3)/S(2)
BL<3) =*YY (I. 5)/S(3>
BL(4)-YY(I.2)/S(i)
BL(5)-YY(I. 4)/S<2)
BL(6)-YYCI. 6>/S(3)
IF( I. NE. 10) COTO 110
N=*2
NV-2

no cui=cu(i>
IF(CU(I). EQ. 0. ODO) CUI-l.ODO
Al(l)-(7. 68D-2*CU( I ) +4. 573D-2*CHCI ) ) / (RO*CUI

)

C FILL THE POLYNOMIAL COEFFICIENTS INTO THE B MATRIX WHICH IS 4*35
C ELEMENTS. EACH LINE CONTAINS COEFICIENTS OF ANOTHER FUNCTION
C IN THE FOLLOUINO ORDER: FUEL. HC. CO. NO.

DO 130 L-l.NCl
DO 120 K-l.LL
IK=4*<I-1)H.
B (L» K)-D9( IK. K>

120 CONTINUE
130 C&NTINUE

IF<IP. LT. 2) COTO 140
WR 1TE( 6. 1050)((D(M1.NI).N1-1. LL) . Ml — 1. NCI)

C LOAD THE INITIAL CUESS OF POINT I INTO X.

140 DO 150 K-l . NV
150 X(K)-XX(I.K)

C BYPASS LCMNA FOR 2250/50.
IFl I. EO. 4) COTO 160

C EVALUATE THE MINIMUM OF THE UNCONSTRAINT ADJOINT FUNC1 ION
CALL LCMNA ( N. Ml., NADIM. AL. I)L, I STATE. NACTVg, FUNCRD. )*>SU. XTOTOL.
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1 6700
16800
16900
17000
17100
17200
17300
17400
17500
17600
17700
17800
17900
isooo
18100
18200
1S300
13400
13500
10600
18700
18300
18900
19000
19100
19200
19300
19400
195C0
19600
19700
19000
19900
20000
20100
20200
20300
20400
20500
20600
20700
20900
20900
21000
21100
21200
21300
21400
21500
21600
21700
21300
21900
22000
22100
22200
22300
22400
22500
22600
22700
22800
22900
23000
23100
23200
23300
23400
23500
23600
23700
23800
23900
24000
24100
24200
24300
24400
24500
24600
24700
24800
24900

1ACZT0L. EPSMCH. EPS. STEPMX. ETA. IPRINT. NODIH. X. FMlN. M>. INDEX.

2R. U. EL. D. CO. CCD. ELL. DD. Q. YL. NUMF, NUMC. ITNUM. CONV)
COTO 170

C LOAD OPTIMAL VALUES OF 2250/50.
160 X(l)»l. 10724226D0

X (2)"1. 043618D0
X(3>-0. ODO

170 L-l
DO 180 K-l.NV

180 X1(K)*=X(K)
IFd.EQ. 10> XI (3 )-0. ODO
IF( I. EQ. 4) COTO 200

C EVALUATE THE EMMISION LEVEL
DO 190 K-2. NCI
call funcb. xi. io. i.k. fi>
DE(I. K)-DEXP(Fl)
D0(KK+K-1 )-DC(KK+K-t)+DE( I.K)*CU(I)
WRITE(6. 1060) I.K.DE(I.K)

190 CONTINUE
C EVALUATE THE FUEL CONSUMPTION
200 IFU.NE. 4) COTO 210

Fl-1. 09937DI
OOTO 220

210 CALL FUN(D. XI. 10. I, 1. FI)
220 UR ITE (6. 10701 I, FI

DE( I. 1 >“F 1

F2~F2*Fl»Al(l)*CUI
DO 230 K-l.NV

230 Y < I.K)-Xl(K) . . . . ..

240 CONTINUE
C ASS1CN ZERO VALUES FOR EMISSIONS AND THE UNCONSTRAIF'-D FUEL
C SOLUTION FOR 2250/50.

DE<4. 11-1. 09937D

1

DE (4. 21* 0. 000
DE ( 4. 3 j “0. ODO
DE ( 4. 4 ) -0. ODO
NV-NV1
N-NV1
IFTI4CS. Ell. 11 COTO 260

C EVALUATE DEVIATION OF EMMISIONS FROM CONSTRAINT LEVELS
DO 250 K-2. NCI
CLTK-1 >-DO(KK+K-l )*A1 (K)/l. 0D3+BHK)

250 CONTINUE
c convert fuel to mpo

260 F2-3. 6D3/F2
C EVALUATE OC EMISSIONS.

C11-. 25D0*CLU>+. 15D0
C12-. 15D0*CL(2)+3. 4D0
C 13". 8D0*CL(3)
WRITET6. 1080) F2. (CL(KK+K~1 1 . K-2. NC 1 ). Cl 1. C12. C13
IF( IC. EG. 01 COTO 270

C EVALUATE TUC EMISSIONS.
C 1 1-1. 7D-1 *CL( 1 ) >1. 68D-I
C 12=1 . OD-1 *CL(2 ) +3. 6D0
C 1 3-3. OD-1 *CL(3>
WRITEC6. 1090) Cll.Ci2.C13

270 WRITEI6. 1100) (C 1 (L). L-2. 4)
WRITEC22. 1110) F2. (CL(K) . K=*l . 31. (C 1 (K) . K-l. 4)
URITET6. 1120)

C LOAD THE OPTIMAL SOLUTION OF THE INDEPENDENT VARIABLFS INTO Y.
Y ( 10. 3) -0. ODO
DO 280 I-l. NP
DO 280 J-l.

3

280 YS(I. J)-Y(I. J)*S(J>
DO 290 I-l. NP
WR I TE (6. 1 1 30) ITOR < I ). IRPM(I). < YS( I . J> . J-t. NV). (DEC I.K), K-l, 4>
UR ITE (23, 1140) < YSC I. J). J-l, NV). (DE< I. K) . K-l. 4)

290 CONTINUE

'

IF( 10. EQ. 0) COTO 350
C FOR THE SECOND ALCORITHM EVALUATE DEVIATON OF EMISSIONS FROM
C THE DESIRED CONSTRAINTS.

DO 300 K-2. NC2
300 DOCKK+K-l ) -CL(K- 1 )-C (K-l

)

C CHECK DEVIATION OF EMISSION FROM CONSTRAINT
1F(DASS(D0(1)).LE. I. OD-4. AND. DAOSC DC(2) ). LE. 1. OD-4. AND.

1DABS(D0C3> ). L£. 1. 0D-4 ) STOP
KK-KK-O
IF(KK. EG. 6) KK-0
Jl-Jl+1
IF( Jl. OT. 12) STOP
IJ-IJ+1
IFCIO. EQ. 1) COTO 320
IF(IJ.NE

JL
2> COTO 320 * 1
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25000
25100
25200
25000
25400
25500
25A00
25700
25800
25900
26000
26100
26200
26000
26400
26500
26600
26700
26800
26900
27000
27100
27200
27300
27400
27500
27600
27700
27800
27900
28000
28100
28200
28300
28400
28500
28600
28700
28800
28900
29000
29100
29200
29300
29400
29500
29600
29700
29800
29900
30000
30100
30200
30300
30400
30500
30600
30700
30800
30900
31000
31100
31200
31300
31400
31500
31600
31700
31800
31900
32000
32100
32200
32300
32400
32500
32600
32700
32800
32900
33000
33100
33200

IJ-0
C UPDATE LACRANCE MULTIPLIERS BY LINEAR INTRPOLATION.

DO 310 I-1.NC2
0!I)«C1!I>-!C2!I )-Cl!I))/!DQ!3*I>-DC!I>>*D«<I>

310 CONTINUE
COTO 50

C CHANCE LAO MULTS SLICHTLY TO CHECK EMISSION LEVEL SENSITIVITY
C AND RETURN TO THE MAIN LOOP.
320 DO 330 11=1, NC2

C2(I1>=C1(I1)+D1(II)
330 CONTINUE

.DO 340 K-t.flC2._- .. .i
340 C (K)=*C2!K)

COTO 80
350 DO 360 K-2. 4
360 Cl!K)~Cl!K)+Dl!K-l>

NNC-NNC+1
IFINNC. EQ. NO) STOP

C THE INITIAL GUESS FOR THE NEXT LAO MULT IS THE CURREMl SOLUTION.
DO 370 1 = 1, NP
DO 370 K-l.NV
XX< I, K)=Y( I» K)

370 CONTINUE
COTO 40

1010 FORMAT ( 6D10. 4)
1020 FORMAT (1615)
1030 FORMAT (3D 10. 4)
1040 FORMAT (5D10. 4)
1050 FORMAT < 1 X. 10D12. 4)
1060 FORMAT ( 1H0, 'EMISSION MASS FLOW AT POINT 13, 'OF EMISSION 13

,.'=',0104.' (MO/SEC > ' )

1070 FORMAT ( iHO> 'FUEL CONSUMPTION OF POINT 13, F10. 4, ' (LB/HR) ')
1080 FORMAT!//, IX. 'FUEL !MPC ) - ' , F 1 5. 4, //, 23X, 'HC!C/M> 7X. 'COIO/M)

'

*.BX. 'NO(C/M> /IX, 'ENOINE EMMISIONS'. 2X. 3F15. 4./.
*1 X, 'TAIL PIPE UITH OC '. 1X.3F15. 4)

1090 FORMAT C 1 X, 'TAIL PIPE EMISSIONS WITH TUC',3F15. 4)
1100 FORMAT! 10X. 'LAO HC '. 10X. 'LAO CO'.BX. 'LAO NO', /. 1X.3F15. 4>
1110 FORMAT I8F1 5. 4)
1120 FORMAT!//. 31H THE INDEPENDENT VARIABLES ARE, //. IX. 'TORQUE'.

*3X, 'RPM ', 8X. 'A/F ', 10X. 6HSPKADV, 10X. 3HECR, 7X. 'FUEL1LD/HR > '.

*6X, 'HC f C/SEC ) 6X. 'C0(0/SEC> 6X. 'N0(0/SEC> ')
1130 FORMAT! 14, 4X, 14. 7F15. 3)
1140 FORMAT !7F15. 4)

END
SUBROUTINE FUNCRDfN, X. IFLAO, F. CR>

C THIS SUBROUTINE EVALUATES THE FUNCTION AND GRADIENT S OF THE ADJOINT
C FUNCTION FOR THE LCHNA SUBROUTINE.
C N- * OF INDEPENDENT VARIABLES.
C X- VECTOR OF INDEPENDENT VARIABLES.
C IFLAO- 1 ONLY THE FUNCTION IS EVALUATED.
C 2 ONLY GRADIENT 18 EVALUATED.
C 3 BOTH FUNCTION AND GRADIENT ARE EVALUATED
C F- RETURNED VALUE OF FUNCTION.
C CR- RETURNED VALUE CF GRADIENT.
C THE ADJOINT FUNCTION HAS THE FOLLOUINQ FORM-
C SUM! A1 ! i ) »C 1 ! i ) »FUN> WHERE
C FUN IS EITHER THE FUEL FUNCTION OR EMISSION DEPENDING ON THE
C APPROPRIATE TERM IN IOC.
C

DOUBLE PRECISION X IN > . CR( N) , F. C! 31 , B I 4. 35). Z ! 3) . Ft.
. AU4J.CH4). YYUO, 6>.S!3».CU! 10). CH! 10). F3. 0R1.F0<4,4>
COMMON/OPT /O. B. A 1 , C t , NV, NC. I. NCI
COMMON/PAR/ IP
COMMON/YM/YY. S, CU. CH. FO, IOC
DIMENSION IOC (4)
DO 10 K-1.3

10 Z (K)=0. ODO
WRITEI6. 1010XX! J).U=1.3>
WRITE<6. 1020) IFLAO. I .

*

DO 20 K-l.NV
ZIK)-X(K)

20 CONTINUE
IF! IFLAO. EQ. 2) COTO 60

C EVALUTE FUNCTION.
C THE FUNCTION IS THE POLYNOMIAL FOR FUEL AND ITS EXPONENTIAL
C FOR EMISSIONS MULTIPLIED BY A!*C1.
C

. F-O.ODO „r
*.

*
•*

DO 40 K-1.NC1 • ...
IF!IOC!K>. EQ. 0) COTO 40
IF! IP. LT. 2) COTO 30
WRITE! 6, 1010) (Z I ID. 11-1.3)

_ 30 CALL FUNIB, Z. 10. I.K.F1)
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33300
33400
33500
33600
33700
33800
33900
34000
34100
34200
34300
400" C
34500
3+600
34700
34800
34900
35000
35100
35200
35300
35400
35500
35600
35700
35800
35900
36000
36100
36200
36300
36400
36500
36600
36700
36800
36900
37000
37100
37200
37300
37400
37500
37600
37700
37800
37900
38000
38100
38200
38300
38400
38500
38600
38700
38000
38900
39000
39100
39200
39300
39400
39500
37600
39700
39000
39900
40000
40100
40200
.40300
40400
40500
40600
40700
40000
40900
41000
41100
41200
41300
41400
41500

CALL EXIF1.K.F3)
F0<K. 11-F3
F0(i. 1J-1. ODO
F=F+F3*A1IK)*C11K>
IFUP.LT. 2) COTO 40
URITEI6. 1030) F. Al(K).ClCK). K

40 CONTINUE
F“F*CU( I

)

IF UP. LT. 2) COTO 50
WRITEI6. 1040) F

50 IFC IFLAC. EO. 1 ) RETURN
ThE CKADiEftT Of EmSSlON5r f?HERE“THE'lR‘<7At:0E^5'ClV£N“)»Y—

C F-EXP If) IS
C CRAD“F*GRAD( f).

c df/dx
60 J = i

70 I FIN. EO. 1) RETURN
OR ( 3) dO. ODO
DO 80 K-1.NC1
IFUOCIK). EQ. O) COTO 80
CALL FUNIB. Z. t. I.K.CR1)
FG(K.2)-=CR1
F3-F0IK. l)*CRl
FCU.2)»0, ODO
GRIJ)=CRIJ)+F3*A1 IK)*CHK>
IF! IP. LT. 2) COTO 80
WRITEI6. 1050) CR1.FGIK. 1 > . A1 IK>. Cl IK>

80 CONTINUE
eR(J>=CRCJ>*CUU)
IF( IP. LT. 2) COTO 90
WRITE16, 1060) CRI J).J

90 J=»J+1 ; _

C DF/DY
CR(J)«0. ODO
DO 100 K-1.NC1
IFUOCIK). EQ. 0) COTO lOO
CALL FUNIB. 2.2. I. K. CR1)
FC IK. 3) -CR

1

F3=F0IK. 1 ) »CR1
FC(i.3)*>0. ODO
ORl J)-CRIJ)+F3*AUK)*C1(K)
IFUP.LT. 2) COTO 100
WRITEI6. 1050) ORl. FOIK. 1). A1 IK).Cl(H)

100 CONTINUE • •

CRI J)-CR< J)*CU( I

)

IFUP.LT. 2) COTO 110
WRITEI6. 1070) CR(J).J

110 J=J+1
IFIN. EQ. 2) RETURN

C DF/DZ
CRIJ)-0. ODO
DO 120 K-1.NC1
IFUOCIK). EO. 0) COTO 120
CALL FUNIB. Z. 3. I. K. ORl)
FOIK. 4) -ORl
F3-FQCK. 1 >*CR1
FCI 1. 4)“0. ODO
CR I J) “CR I J ) +F3»A 1(K)*C1IK)
IF! IP. LT. 2) COTO 120
WRITEI6, 1050) CR 1 . FC IK, 1 ). AUK), Cl (K>

120 CONTINUE „. ..
‘ _ „

CR! J)-CRl J)»CU< I

)

I F I IP. LT. 2> COTO 130
WRITCI6. 1000) CR IJ). J

130 RETURN
1010 FORMAT! IX. 10D12. 4 >

1020 FORMATIIX. 01 10)
1030 FonMATt IX. 3H F-. D15 4 . 6HA 1 1 K )-. D 1 5. 4 . 6HC1 IK)—. DIO. 4 . 2IIK-. 1 10>

“ 1040 FORMAT!!*. 3H F-. DI5. 4 >

1050 FORMAT I t X. 'CRl-',D13. 5. 'FOIK. 1)-'. D15. 5. 'A1 D13. 5,
1 'Cl IK)-'. D 1 5. 5)

5060 FORMATUX. 8H CRI I J)-. D15. 4. 2HU-, IIO)
1070 FORMAT I IX. 8H CR2 I J)-. Dl 5. 4. 2HJ-. 110)
1080 FORMAT! IX. 8H CR3 1 J)-. Dl 5. 4. 2HJ-. 1 10)

END
SUBROUTINE HESSIN. X. EL. D)

C THIS SUBROUTINE EVALUATES THE HESSIAN MATRIX FOR LClOIA.
C EL CONTAINS THc. DIACONAL TERMS: D2F/DX2. D2F/DY2. D2F/D72.
C D CONTAINS THE OFF DIACONAL TERMS: D2F/DXDY, D2F/DXDZ. 1-2F/DYDZ.
C THE SECOND DERIVATIVE CF THE FUNCTION 01VEN BY -

C F-EXPIfIXl.X2.X3) IS:
C D2F/DX 1 DX2-F» I DF/DX 1 •DF/DX2*D2F/DXi DX2)

EXTERNAL funcrd
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41600
41700
41800
41900
42000
42100
42200
42300
42400
42500
42600
42700
42800
42900
43000
43100
43200
43300
43400
43500
43600
43700
43800
43900
44000
44100
44200
44300
44400
44500
44600
44700
44800
44900
45000
45100
45200
45300
45400
45500
45600
45700
45800
45900
46000
46100
46200
46300
46400
46500
46600
46700
46300
46900
47000
47100
47200

. 47300
47400
47500
47600
47700
47800
47900
48000
48100
48200
48300
48400
48500
48600
48700
46800
48900
49000
47100
49200
49300
49400
49300
49600
49700
49800

DOUBLE PRECISION C<3 >. X t N > . D (N>. EL «3> . B 1 4. 35)
. . Z<3>. A1 (4). Cl <4>. YYC10. 6).S(3).CUt lO). CH(10). D3.F3.Et l.FC<4. 4)
COMMON/OPT/C. D. A I. Cl. NV. NC. I. NCI
COMMON/PAR /IP
COMMON/YM/YY. S. CU, CH. FO. IOC
DIMENSION I0C(4)
DO 10 K=«l . NV

10 Z (K) ”0. ODO
DO 20 K-l. NV
Z(K)-X(K)

20 CONTINUE
IF( IP. LT. 2) COTO 30
WRITE16. 1010) < Z (K) • K-l . NV)

30 J-l
C D2F/DX2

D< J>-0. ODO
DO 40 K=*l. NCI
IFdOC(K). EQ.O) COTO 40
CALL FUN ( B . Z. 4. I.K. D3>
F3=FC(K, 1)*<FG(K.2)**2+D3>
D ( J)*>D< J) -*-F3*Al (K)Kl(K)
IF ( IP. LT. 2) COTO 40
WRITE16, 1020) D3. F3. Dt J). K. J

40 CONTINUE
D<J)-D(J)*CU(I)
U»J+-i

;

IF (NV. EQ. 1 ) RETURN
C D2F/DY2

D(J)-=0. ODO
DO 50 K=-1.NC1
IF( IOC (K> . EO. 0) COTO 50
CALL FUNCB. Z.5. I.K. D3>
F3-FC(K. 1 )*(FO(K. 3)**2*D3>
DCJ)-D< J)+F3»A1 <K)*C1 (K>
IFdP.LT. 2) COTO 50
WRITE<6, 1040) D3.F3. DCJl.K. J

50 CONTINUE
D(J)=D< J)*CU(I> • ‘

IFdP.LT. 2) COTO 60
WRITEI6, 1030) <D( L). L-l. NV)

60 J-J+l
IF<NV. EQ. 2> COTO 80

C D2F/DZ2
D(J)-0. ODO
DO 70 K="l. NCI
IFCIOC(K). EQ. 0) COTO 70
CALL FUN(B.Z.6. I.K, D3>
F3»F0<K. 1 )*<FC(K. 4)**2+D3>
D(J)»D< J)+F3*A1 (K)KKK)
IF( IP. LT. 2) COTO 70
WRITE(6. 1020) D3. F3. D(J).K. J

70 CONTINUE *

D(J)-D(J)*CUd>
80 J-l

IF<NV. EQ. 1) RETURN
C D2F/DXDY

EL(J)»0. ODO
DO 90 K-l, NCI
IF(IOC(K). EO.O) COTO 90
CALL FUN(B»Z.7, I.K. ELI)
F3«F0(K. 1 )*(FC(K. 2)*FC{K, 3)+ELl>
EL( J)-EL< J)+F3*AKK)*C1 (K)
IFdP.LT. 2) COTO 90
WRITE(6. 1040) ELI. F3. EL(J>. K, J

90 CONTINUE
EL(J)-EL(J>*CUCI

>

J-J+l
IF(NV. LT. 3> COTO 120

C D2F/DXDZ
EL<J>-0. ODO
DO 100 K-l. NCI
IFdOC(K). EO 0> COTO 100
CALL FUN<D. Z.8. I.K. ELI)
F3-F0CK, 1)*(FC<K.2)»FC(K. 4) ELI)
EL<J)-EL< J>»F3»Al(K>»Cl(H>
!F ( IP. LT. 2) COTO 100
WRITE16, 1040) ELI. F3. EL< J>. K»

J

100 CONTINUE
EL«J)-EUJ)*CU<X >

J-J*l
C D2F/0YDZ

EL(J>-0. 000
DO II P K- l. NCI
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49900
50000
50100
30200
50300
50400
50500
50600
50700
50000
50900
51000
51100
51200
51300
51400
51500
51600
51 700
51900
51900
52000
52100
52200
52300
52400
52500
52600
52700
52800
52900
53000
53100
53200
53300
53400
53500
53600
53700
53800
53900
54000
54100
54200
54300
54400
54500
54600
54700
54800
54900
55000
55100
55200
55300
55400
55500
55600
55700
55800
55900
56000
56100
56200
56300
36400
56500
56600
56700
56800
56900
37000
57100
37200
37300
57400
57500
37600
37700
37800
37900
58000
53100

IFUOCIH). EO O) GOTO UO
CALL FUNO.Z.9. i.K.an
F3-FC!K. 1 > elFOIK. 3>*FO(K. 4>*ELl>
Eli j>-eh j»*F3*ai (k>»ckh>
j fi ip. lt. 2 s core no
WRITE 16. 1040) EL 1. F3. EUJKK.J

110 CONTINUE
ELI J)-ELIU>*CUl I

)

J-J+l
120 Jl-U-i

1FIIP.LT. 2 5 RETURN
WR1TEI6. 1050) J. (ELIK). K-l. Jl>
RETURN

1010 FORMAT! IX. 13HZ OF HESS ARE.3D10. 4)
1020 FORMAT {/, IX. 'D3- F15. 4. ' F3-'. D1S. 4. ' D(J)-'.F13. 4. » K»',I3

. .
c U-\ 13)

1030 FORMAT (IX. 6H OIL 3015. 41
1040 FORMAT!/. IX. 'ELI-'. F13. 4. * F3-',F15.4, » ELI J>-'. F15. 4. * K-'.

, 15. 5 U» '• 15)
1050 FORMAT I IX. 14H EL TERMS ARE-. 15. 3D15. 4)

END
SUBROUTINE FUNIB. Z. IK. I. K. FI

)

C THIS SUBROUTINE RETURNS THE VALUE OF EITHER THE FUf-Cl ION OR THE
C GRADIENT OR THE HESSIAN TERM FOR A SINGLE FUNCTION- FUEL OR ANY
C EMISSION.
C B- INCLUDES POLYNOMIAL COEFFICIENTS FOR SET POINT I.

C . . K— INDICATES WHICH TYPE OF FUNCTION IS DESIRED
C 1-FUEL. 2-HC. 3-CO. 4-NO.
C Z- VECTOR OF THE INDEPENDENT VARIABLES.
C IK- SELECTS THE DESIRED EXPRESSION:
C 1- DF/DX
C 2— DF/DV
C 3- DF/DZ
C 4- D2F/DX2
C 5- D2F/DY2
C 6- D2F/DZ2
C 7- D2F/DXDY
C 0- D2F/DXDZ
C 9- D2F7DYDZ
C SO- F -

C FI- THE RETURNED VALUE.
DOUBLE PRECISION BI4. 35). Z(3>, FI. Zl. Z12. Z13. Z14. Z2, 133, Z23, Z24.

» 23. Z32. Z33. Z34
COMMON/PAR/ IP

C SELECT BETWEEN A RECULAR(U=1> AND LAGRANGE! J=*2) POLYNOMIAL
5 U=1

IFII. EO. 2. AND. K. EO. 4) U-2
ifd.EQ. 4. AND. K. EQ. 2) J-2
IF! I. EQ. 8. AND. K. EQ. 2) J=2
IF! I. EO. 8. AND. K. EO. 4> J=2
IF! I. EQ. 10. AND. K. EQ. 2) U=>2
IF! IK. NE. 10) GOTO 30
Zl-ZU)
Z2=Z!2)
Z3=Z!3>
IF!J. EO. 2) GOTO SO
Z 12-1. 5D0*Z(l)**2-. 5D0
Z13-2. 5D0»Z!1)»»3-1. 5D0*Z!1>
Z 14=4. 375»Z( l)**4-3. 75D0*Z (1)»*2*. 375DO
Z22-1. 5D0*Z(2>**2-. 5D0
223=2. 5D0*Z!2>**3-1. 5D0*Z<2)
224=4. 375*Z(2>**4-3. 75D0»Z!2

>

*»2*. 375DO
Z32-1. 5D0*Z!3)**2-. 5D0
233=2. 5D0*Z(3)**3-1. 5D0*Z(3)
Z34-4. 375*Z(3)**4-3. 75D0*Z (3 >**2+. 375D0
GOTO 20

10 Z 12-Z 1**2
2 13=Z1**3 »

Z14-Z1**4
Z 22-22**2
Z23=Z2*»3
Z24=Z2«-»4
Z32=Z3»*2
Z33-Z3**3
Z34-Z3**4
IF! IP. LT. 3) GOTO 4
WRITE! 6. 300) !Z!II). 1 1 “I. 3)

4 IF! IP. LT. 2) GOTO 20
WRITE<6. 320) K

20 Fl-B!K. 1 )>B(K. 2) *Z1+D(K. 3)»22+B!K. 4>*Z3*B !K, 5) *Z 1*Z2
. B!K. 6)*Z1»Z3*B!K. 7>*Z2»Z3+D!K. 8>*Z 12*B(K. «?>*Z22-*BIK. I0)»Z32
» *B(K. 1 1 >»Z 13*B(K. 12> »Z23*0 CK. 13) *Z33*BIK. 14)»Z I2*Z2>
. B IK. 15)*Z12*Z3*0 IK. 16)*Z22*Z l*D IK. 17) *Z22»Z3»P <K. 18) »732»Z1>
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G-l Continued

56200
53300
58400
53500
56600
58700
58600
58900
59000
59100
59200
59300
59400
59500
59600
597CO
59800
59900
60000
60100
£>0200
60300
60400
60500
60600
60700
60800
60900
61000
61100
61200
61300
61400
61500
61600
61700
61600
61900
62000
62100
62200
62300
62400
62500
62600
62700
62800
62900
63000
63100
63200
63300
63400
63500
63600
63700
63800
63900
64000
64100
64200
64300
64400

- 64500
64600
64700

- 64300
64900
65000
65100

- 65200
r 65300
. 65400
r- 63500 -

65600
, 65700

63300 >

* 65900
66000

'

f 66100
- 66200
?- 66300
r 66400

. B <K. 19>*Z32»Z2+Q (K. 20 > *Z 1 * Z2 *Z3*B ( K. 2 1 ) * Z 1 4 >0 K, 22> *224 +

. B <K. 23)*Z34*D(K. 24 ) • Z 1 3*Z2+B <K. 25) *Z 13+Z3+0 CK. 26>»Z23*Z1+
, B CK. 27)*Z23*Z3*B (K. 28 > »Z33*Z 1 +B CK. 29 > +Z33*Z2+B CK. 33) »Z 12*222+

. B CK. 31 ) *Zl2»Z32+BCK. 32) »Z 12* Z2+Z3+B <K. 33 ) *Z22*Z32*

. BCK. 34>*Z22*Z1*Z3+BCK.055*Z32*ZI*Z2
I F 1 IP. LT. 3) RETURN
WRITEC6, 330) FI
RETURN

DO IF<J. EQ. 2) COTO 40
C0TO(5O. 60. 70. 00. 90. 100. 1 10. J20. 130) IK

40 COTOll 40, 1 50. 1 60, 1 70. 100. 190, 200. 2 SO. 220 > IK
C SELECT THE LACRANCE EXPRESSION
C DF/DX

50 Fl-CDCK.2>+3 ODO»ZC 1 )*CD(K. 05+BCK. t 4 ) *Z (2 > *0 CK. 13>*
AZ C3>+B<K. 30) »( 1. 5D0» Z C2) » »2-0. 5) »D (K. 3 1 > • < 1 . 5D0^2 « 3> * “2 -0. 5DO
B>*DCK,32>*ZC2)»Z<3)) + ZC2>*<BCK.5> + DCK.20>»Z<3>*BC>'. +45*17. 5D0
C*Z(1)**2-1. 5D05+BCK. 35>M 1 500-Z C 3 ) • »2-. 500) )

DZ C3>* (B (K. 6) >IKK. 25) »C7 500* Z C S ) ••2-1. ODO> *DCK. 34 ) • C I. 51>0»

EZ <2 )*•?-. 500) ) OIK. 1 1 ) • C 7. 300* Z < 1 ) *»2-l. 55+DCK. S6> » < 1. 51>0»Z (2) _
F**2- 5DO > +B C K. 10 )•< I. 5»Z ( 3 ) »»2-. 5) +8CK. 21 )•< 1. 75D1+ZC 1 )*»3-
07 5D0*Z< 1 > >+8<K. 26>»C2 3*ZC2» *»3-t. 5D0»ZC2) )+BCK.ia>®
H(2. 5D0*Z C3 > » *3- 1 . 5*Z13))>
RETURN

C DF/DY
60 Fl-CBCK. 3) +3. 0D0*ZC2)*CBCK. 9 5+BCK. 16 5+Z < 1 5 + 8 < K. 17) + Z 13)

A+BCK. 30 ) • ( 1 . 5D0»Z ( 1 >*»2-. 5D05+BCK. 33 ) * ( 1 . 5DO»Z <3>» *2-0. 5D0> +
BB <K. 34 )*Z(1)*ZC3>)+ZC1)»CBCK. 5) +B ( K. 26)* ( 7. 5»ZC25*+2-l. 500) +
CB CK, 35) * ( 1 . 5D0»Z (3>*»2-. 5 DO) ) + Z < 3 > * ( B CK. 7 > +B CK. 20) »7 C 1 > +

DB (K. 27)* <7. 5DO»Z <2>»*2-l. 5D0) + U. 5DO*ZU ) + »2-. SD0>»8CK. 32)5 +
EB(K. 12>*(7. 5DO»Z < 2 ) ••2— 1 . 3D05+BCK. 14>+C1. 5D0»Z< 1 )**?-. 300) +
FB <K. 19 ) * ( 1 . 5»Z (3 ) »*2-. 5DO ) +B C K. 22 > * C 1 . 75D1 * Z ( 2 > **3- 7. 5D0*ZC2> S +
OB (K. 24)* (2. 5DO*Z C 1 )**3-l. 5D0»Z<1 ) 5 +B CK, 29 > » C2. 5DO+ Z C3 ) **3-1. 5DO
H*Z(3) >

)

RETURN
c DF/DZ

70 Fl-CBCK, 4) +3 ODO*Z C3) * C B < K. 10)+8CK. !8>*Z < t )+BCK, 19>*Z(2>
A+B(K. 31 )*( 1. 5D0*ZC 1 >*»2-. 5D05+BCK. 33) »< 1. 5D0*Z 1 2) +»2 -. 500)5 +
BZ < 1 )*CBCK. 6>+B (K, 20>«Z<2> +BCK, 28)* (7. 5D0»Z <3) **2-1. 3D0)
. B <K, 34 > * ( 1 . 5D0*Z ( 2 ) **2-. 5D0)+3. ODO*B < K, 35 >*Z C2> *« < 3 >

)

C+Z (2) * C B CK. 7 )+B C K, 29)*(7. 5D0*Z (3) **2-1. 5D0) +
DB <K. 32) *( 1. 5*Z ( 1 ) **2~. 5D0> > + BCK. 13)*(7. 5*ZC3)**2-1. 55 +

EB (K. 1 5 > * ( 1 . 5*Z( 1 ) **2-. 5)+B(K, 17>*< 1. SDO*Z (2 > **2-. 5DO) +
FB (K, 23) * ( 1 . 75D1*Z ( 3 ) **3-7. 5D0*Z(3> >+BCK. 25 5* (2. 5D0+Z < 1) »*3-l. 5DO
G*ZC1))+BCK.27>*C2. 5D0*Z ( 2 ) **3-1. 5D0*Z(2> )

)

RETURN
C D2F/DX2

80 Fl**( 15. 0D0*Z(1)*(B(K. 115+3. 5DO*8 C K. 21) *Z ( 1 ) +DCK, 2*5
»*ZC2)+BCK. 25 ) *Z ( 3) >+ ODO*Z ( 2 ) *( B ( K, 145 + 1. 5D0*BCK. 33) *Z<2) +
. B (K, 325 *Z ( 3 ) ) +3. 0D0*Z (3) * ( B ( K, 15) + 1. 5D0*B(K, 31 )*Z(3) 5 +
. 1. 5D0*(2. ODO*B (K. 8)-5. ODO»B(K. 21 )-B (K. 30 5-8 (K. 31 > > »

RETURN
C D2F/DY2

90 Fl-C 15. 0D0*Z(2)*(B(K. 12>+3. 5D0*B CK, 225+Z <2) +BCK. 26)
. *ZC 1 5+BCK. 27)*ZC3> )+3. ODO»Z C 3 ) * ( B (K. 17 5+1. 5D0*B(K. 33)»Z(3> +
. B CK, 34)*ZC 1 > >+3. ODO+Z ( 1 5 • ( B ( K. 165 + 1. SD0*B CK, 30 > *2 « 1 > )

+

. 1. 5DOH2. ODO*B (K, 9)-5. 0D0*BCK, 22>-B CK. 30 >-8 CK, 33)>»
RETURN

C D2F/DZ2
100 Fl = ( 15. 0D0*Z(3)*(B(K. 135+3. 5D0*B(K, 23 >*Z C3) +B CK, 28)

»

. Z C15+BCK. 29>*Z(2> >+3. 0D0*Z( 1 > + < B <K. 1B>+1 . 5D0*B(K, 31)*Z(15 +

. B (K, 35>*Z<2> ) +3. ODO+Z (2 ) * ( B ( K, 19) + t. 5D0+BCK, 33>*Z<2> 5

. 1. 5D0* <2. ODO*B(K. 10>-5. 0*B CK. 23>-B CK. 31) -0 « K. 335 )

5

RETURN
C D2F/DXDY

110 F 1 = (3. 0D0*Z(1)*(B(R. 145+2. 5D0*B<K. 24)*Z( 1 5 +
.3. ODO*B (K, 30 )*Z(2)+B(K, 32)*Z(3>>+3. ODO*Z (2)*<B(K. 16) +
. 2. 5DO*9(K, 26>*ZC2>+BCK, 34>*Z<3> 5+ZC35 + CBCK. 20> + l. 5C3»B(K, 35)*Z(3) >

. +CBCK. 5>-l. 5D0*B (K, 24)-l. 5D0*DCK, 26 5-. 500*8 <K, 35)))
RETURN

C D2F/DXDZ
120 FI- (3. 0D0*ZC 1 >*CBCK. 15)+2. 5D0*B<K. 25)*Z(1 )+3. ODO*
~*B(K»3l)*ZC3)+BCK.32)*Z(2))+ZC2)*CB(K. 20) +1. 5D0*B(K. 34)*Z(2)
.+3. ODO+B (K. 35)*Z (3) )+3. 0D0*Z(3)*(B <K. 185+2. 5D0*BCA. 28>*Z<3) ) +

- - -r, CB(K. 6)-l. 5DO*B(K>23)-l. 5D0*B <K. 285-. 5*B(K,34) >>
RETURN

C D2F/DYDZ
,

130 Fl-CZC 1 )*(B(K. 20 5 + 1. 5DO*B<K. 32)*Z( 15+3. ODO*B CK. 34 ) + Z (25
.3. ODO*B(K. 33) *Z <35 ) +3. ODO*Z <2) *(B (K. 17)+2. 3D0+B CK. 77) *Z (2) +3. ODO •

*B(K. 33 )*Z(3) )+3. 0D0*Z(3)*(2. 5D0*BCK. 29 >*Z C35+B CK. 19) )
* ( BCK. 7) — 1. 5D0»B(K. 27 5-1. 5D0»BCK. 29 5-. 5D0*B(K. 32)5)
RETURN .

-

C SELECT THE EXPRESSION BASED ON REGULAR POLYNOMIALS - *-

140 Ft-B<K.2)+2 ODO*Z( 1 >JMB(R. 8)+! 5D0»B(K. 1 1 5 »Z <1 * +B > K . 14 ) *7 < 2)»
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oojvW
66600
66700
66800
66900
67000
67X00
67200
67300
67400
67500
67600
67700
67800
67900
68000
68X00
68200
68300
68400
68500
68600
68700
68800
68900
69000
69X00
69200
69300
69400
69500
69600
69700
69800
69900
70000
70X00
70200
70300
70400
70500
70600
70700
70300
70900
7X000
7XXOO
7X200
7X300
7X400
71500
71600
7X700
7X800
71900
72000
72100
72200
72300
72400
72500
72600
72700
72800
72900
73000
73100
73200
73300
73400
73500
73600
73700
73800
73900
74000
74100
74200
74300
74400

• B IK, 15) *Z<3>+2. ODO»B<H. 21 >»Z < l >**2+1. 5DO*B<K. 24 > »Z < 1 > *Z (2>*
. 1. 5DO*B<K. 25>*Z< 1 >*Z<3)+B <K. 30) *Z ( 2) *»2»B <K. 31 >*Z<3>**2*
, 0(K. 32>*Z<2)*Z<3> >+Z<2)*<B(K. 5)*B(K. 16>*Z <2 >*B (K. 20>*Z(3>>
, B <K. 26 ) *Z ( 2 > **2+B (K. 34) »Z (2) *Z (3) +B (K. 35 > *Z (3) **2)*
. Z(3)*(B<K, 6)+B(K. 18>*Z<3)+B<K. 28)*Z(3>**2>
RETURN

C DF7DY
150 F1-B<K. 3) +2. 0D0*Z (2) * (B (K. 9) + l. 5D0*B(K, 12)*Z<2>+B«K.I6)*Z(1>+

. B<K. 17)*Z<3>+2. 0D0*B(K, 22 >*Z (2 ) **2* 1. 5D0*B < K, 26) *ZU > *Z (2>+

. X. 5D0*B(K, 27)*Z(2)*Z(3)+B(K, 30)*Z< 1)**2*B<K.33)*Z<3>**2*

. B<K. 34>*Z( 1>*Z(3) )+Z(3)*(B(K. 7)+B(K. 19)*Z (3) + B <K. 20i*Z ( 1 )>

. B (K. 29)*Z(3)**2+B<K. 32>*Z < 1)**2+B(K. 35)*Z (1 )*Z (3) >

. ZU)*<B(K. 5>+B(K. 14)*ZU)+B<K. 24>*Z(1>**2>
RETURN

C DF/DZ
160 F1»B(K. 4) +2. 0D0*Z <3> *<B <K. 10) + 1. 5D0*B(K. 13>*Z (3 )+B <K, 18>*Z<l>-»-

. B(K. 19>*Z<2>+2. 0D0»BCK, 23 ) »Z (3 ) **2+1 . 5D0*B<K, 28) *Z ( 1 ) *Z O)-*

. 1. 5D0*B<K, 29)*Z(2)*Z(3)+B <K. 31 )*Z( 1 )**2*B<K. 33)*Z<2)**2

.B(K.35)*Z(l)*Z<2))+Z(l>*<B(K.6>+BtK.15)*Z(l)+

. B(K, 20>*Z(2)-i-B«K. 25>*ZU >»*2+B<K. 32)*Z( 1 >*Z (2 )+B (K. 34>*Z <2)**2

. >+Z<2)*(B(K, 7>+B (K. 17 W(2) + B(K. 27)*Z(2>**2>
RETURN

C D2F/DX2
170 FI -2 ODO»B(K, 8) +6. ODO*Z( l > * ( B <K. 11 >+2. ODO»B<R. 21 )»Z(t) +

. B(K. 24>*Z(2)+B(K. 25)*Z<3> >+2 ODO*Z (2>*<B (K, 1 4 > *D (K. 30)*Z<2>
, +B(K. 32)*Z(3) >+2. ODO*Z (3 ) * ( B IK, 1 5) +D <K. 31 > *Z (3 >

>

RETURN
C D2F/DY2

180 Fl-2. ODO*B<K, 9) +6. ODO»Z < 2 > » ( B (K. 12)+2. ODO*B(K. 22)*Z(2)-*-
, B(K. 26>*Z( 1 )+B<K, 27)*Z<3> >+2. ODO*Z (3 > * < B < K. 1 7) *B <K. 33) *Z <3>
. *B(K. 34>*ZH > >*2. ODO*Z( 1 )*<B (K, 16) +B < K. 30) *Z U > >

RETURN
€ D2F/DZ2

190 F 1-2 0D0»8 <K, 10) +6. 0D0«Z (3)*(D(K, 13>*2. ODO«B(K. 23)*Z<3>
. B <K. 23>*ZO )+B<K. 29)*Z<2) )+2 ODO»Z ( 1 >*<B(K. 1 8 > +0 </ . 31 ) *ZU

>

. +B<K. 35>*Z<2> >+2. ODO*Z ( 2 ) • ( D (K> 19 > +B < K. 33 > • Z (2)

>

RETURN
C D2F/DXDY

200 F1-B(K. 5>+2. ODO*Z ( 1 ) * <8 (K. 14>*1. 5D0»B (K. 24 > *Z a )*2. 0D0*B<K,30>
. »Z(2) + D(K. 32>*Z(3> >^Z<2>*<2. ODO»0(K. 16) *3. ODO*B(K, 26>»Z <2>*
. 2. ODO»B<K. 34>*Z<3)W (3 ) * ( B ( K. 20) +B (K. 35 > *Z <3>

>

RETURN
C D2F/DXDZ

210 F 1»B<K. 6)+2. ODO*Z ( l ) *< B (K» 15) + 1. 3D0»B <K. 25) *Z H )+2. 0D0*D(K,31)
. *Z(3)+B<K. 32>*Z(2> )*Z<3)*<2. ODO»B<K. 18) +3. ODO»B(K. 23>*Z<3>*
.2. ODO*D(K. 35>*Z(2> )+Z(2>*CB<K, 20)+B(K. 34>*Z(2)

>

RETURN
C D2F/DYDZ

220 F1=B<K. 7) +2. ODO*Z(2)*(D CK. 17)+1. 5D0*B(K. 27)*ZC2>*2. 0D0*B(K,33>
.*Z(3)+B(K, 34)*Z< 1>)+Z<3)*(2. ODO»BCK. 19)+3. ODO»B(K. 27>*Z<3)+
»2.0D0*BCK, 35)*ZU))+ZU)*<BCK. 20)+B(K. 32>*ZU>>
RETURN

300 FORMAT ax. 3D 14. 6)
320 FORMAT < 1 X. 15)
330 FORMAT! IX. 10H F OF FUN=. DIO. 4>

END
SUBROUTINE EXCCR.K. FI)

C THIS SUBROUTINE RETURNS THE SAME VALUE FOR K-l
C AND THE EXPONENTIAL VALUE FOR ANY OTHER K. -

DOUBLE PRECISION CR.Fl " \~;£

Fl-CR
IF(K. NE. 1 ) Fl-DEXP(CR)
RETURN
END
BLOCK DATA

C THIS SUBROUTINE INITIALIZES SEVARAL MATRICES;
C YY- INDEPENDENT VARIABLES RANCE.
C S- INDEPENDENT VARI8LES NORMALIZINO FACTOR.
C CU . CH- URBAN AND HICHWAY FACTORS TO SIMULATE THE E>*A CYCLE.

COMMON/YM/YY. S. CU. CH. FC, IOC
DOUBLE PRECISION YY< 10, 6 ) . S< 3). CU< XO>. CH( 10>. FC(4. 4»
DATA YY/1. 25D1. 1. 20D1. 1. 2501,2*1. 24D1. 1. 3D1. 1. 27D1, l.DDI.

Al. 25D1, 1. 1D1. 7*1. B5D1. 2*1. 8D1. 1. 55D1. 2*1. ODl. 2*1. SOI. 1. ODl. 1. ODi
B. 2. 1D1. 2. 4D1. 2*1. ODl. 2*4. 2D1.3. 8D1.3*4. 5D1.3. 8D1. *. 2DI, 4. 5DI.

. . C3. ODl. 10*0. ODO. 8*7. ODO, 4. 5D0,0. ODO/
DATA 8/1. 5D1. 4. ODl, 7. ODD/
DATA CU/2. 56D2.8. 7D1.4. 5D1.0. ODO. 7. 7D1.3. 17D2. 6. 0», 2.4D1.1. 17D2.

A4. 31D2/, CH/2. 4D1 . 6. 8D1. 2. 6D1 . 1. 5202, 2. 97D2. 0. ODO. 6. ODO, 1, 28D2,
B4. ODl. 1. ODl/
END
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Figure G-2

SUMMARY TABLE OF FUEL EMISSIONS AND CNTACL VARIABLES FOR VARIOUS OPTIMAL SOLUTIONS -THE NOW CATALYST CASE.

N FUEL CL/M) HCCC/rt) coco/ri) NO(C/M> A/F 8A EOR LAO FUEL LAO MC LAO CO LAO K>
1 23 4233 7. 904 0 3. 6900 4 3317 13. 4072 39. 2800 ©. OOOO 1. OOOO o. oooo o. oooo © ocoo
2 16 0317 2 0184 tO 2600 1. 4097 14 1132 13. 1166 0. 2U94 O OOOO 1 . oooo ©. oooo O ooco
3 19 2601 34. 361 2 9. 2027 O. 3320 17. 0034 29 BOO? 3. 9320 © OOOO 0 . oooo ©. ooco a. ocoo
4 20. 3437 19. 3792 10 3930 O 6090 13 9663 33. 3700 2. 8060 a. oooo 0 . oooo

*

0 oooo O 0620
3 20 7693 X6. 7393 9 0433 0 6676 16 0010 34. 9809 2. 8481 I. oooo ©. oooo o. oooo O. 0320
6 21- 0946 16 0072 9. 3774 0 7239 16. 0689 33. 4094 2. 8403 1. OOOO 0 . oooo 0 ©oco e. ©420
7 21. 3961 13. 6337 9. 2693 O 7700 16 6994 37. 4219 2. 3072 1 . oooo o. oooo ©. oooo 0. 0320
9 21 9931 14. 2320 9. 8373 0. 8917 16. 4236 37. 6393 2. 6331 a. oooo 0 . oooo © oooo O. 0220
7 22. 3491 14. 6363 11 3630 l. 0392 13 5396 37. 6663 3. 1069 1 . oooo 0 . oooo o. oooo ©. 0120
10 23 3634 10. 6303 3. 9184 2. 1381 13. 3039 30 9704 2. 9831 8. OOOO 0 . oooo ©. oooo O. 0320
11 22 971

1

10. 9020 7. 6424 1. 4438 13 4331 30. 2972 X. 4674 8. OOOO ©. oooo o. oooo 0. 00^0
12 23 1189 10 3046 7. 4094 I. 3783 13 3007 39 4491 1. 2932 a. oooo o. oooo o. oooo O OC-69
13 23 2730 9 8939 7. 2197 1. 7436 13. 3436 30. 6192 ft. 1414 1 . oooo o oooo o. oooo O. 0038
14 23- 4399 9. 3399 6. 9010 1. 9762 13. 3000 39. 7391 O. 9994 8 . OOOO ©. Oooo o. oooo ©. 0047
13 23 6713 9 9S6B 6. 6069 2 3003 13 3936 39. 0724 O. 8660 t. oooo o. oooo o. ocoo © 0026
16 23. 7636 9 8621 6. 0323 2. 4942 13 6399 30. 8696 0 8361 1 . oooo o. oooo © ooco O. 0023
17 23. 0720 8. 6317 3. 0700 2. 8373 13. 3731 39. 1292 0- ©633 a. oooo 0 . oooo o. oooo ©. CD: 6
18 18 9932 2. 074 1 0. 7662 1. 6287 14. 3943 17. 3218 ©. 2803 8. OOOO 0. 0900 o. oooo o. coco
1* 19. 0936 2. 0871 8 3233 1. 6991 5 4. 4306 17. 7489 ©. 2873 a. oooo ©. 0730 ©. ooco © oooo
20 19. 2134 2. 1046 0. 3333 1. 7332 14 4083 IB 0196 O- 2774 a . oooo ©. 0600 © oooo ©. ooco
21 19. 3319 2 1301 8 1684 1. 8911 34. 3493 18. 3370 O. 2637 a. oooo © 0430 0 . oooo o. o»>
22 19. 3204 2 1739 7. 9960 2. 0347 14. 6304 10 ©399 O. 2396 a. oooo ©. 0300 0 . ooco o ozco
23 20. 6336 2. 6131 7. 78 30 2. 2830 £4 6898 23 6614 O 2494 a. oooo 0. 0130 © oooo o. ocoo
24 20 0409 2 7103 7. 7739 2 3721 14 6743 26. 2003 o. 0392 1 . oooo © 0130 © ooco o ©:oo
23 21. 0233 2 8364 7. 7837 2. 4442 14 6897 26. 9327 0. 0363 a. oooo 0 OHO o. coco 0. COCO
26 ' 212647 3 031 7 7. 6432 2. 3436 14 7240 27. 9173 ©. 0334 a. oooo O. 0090 © oooo o. ocoo
27 21. 3713 3. 330 4 7. 3609 2. 6648 14 7789 29. 1493 ©. 0407 a. oooo © 0070 o. ooco 0 . occo
23 22. 1637 4. 0993 7. 1377 2 8019 14 8432 31. 0030 © 0339 a. oooo ©. 0030 o. oooo o. occo
27 23 0168 3. 3022 6. 9219 3 26 18 14. 932? 34. 1626 O. OOOO a . oooo ©. 0030 0 . oooo ©. ocoo
DO 19. 1390 2 2892 11. 3103 O. 8317 14. 1392 22. 7964 2. 4034 1 . oooo 0. 0200 o. oooo O. 0160
31 19. 6644 2 309 J 7. 9972 1. 3367 14. 3421 23. 1844 8. 9789 a. oooo o. 0200 o. oooo O. OOIO
32 19. 7321 2 9273 13. 2302 O. 7340 14 0343 23. 3777 2. 0091 a. oooo Q. OlOO 0 . oooo O CZIO
33 20. 0330 2. 9060 10. 9733 O 9181 14. 2406 23. 7331 8. 0627 a. oooo 0. OlOO o. oooo ©. oi :©
34 20. 1921 2. 766 4 1 1. 3603 1. 0477 14. 1910 23. 6914 8 . 0370 a. oooo ©. OlOO 0 - oooo © 0120
33 20 3209 2. 7667 lO. 6023 1. 1436 14. 2963 23. 8710 ©. 9939 a. oooo O. OlOO ©. oooo © o;©6
36 20- 4723 2 7773 9. 6244 1. 2724 14. 4069 26. 104? O. 9106 1 . oooo © OlOO o. oooo O. CO?2
37 20. 6304 2 7990 . 8 8093 1. 4593 14. 4331 26. 3896 O. 7733 3 . ocoo 0 0100 ©. oooo © CC38
33 20. 9366 2 6272 0. 2139 i. 7846 14. 3779 26. 7341 O. 3443 a. oooo O. OlOO ©. oooo O. ©CO 4
37 21. 0762 2. 8900 7. 8769 2. 3287 14. 6827 27. 2303 O. 2671 a. oooo ©. OlOO ©. oooo o. ©o;o
43 19. 4 707 3. 9499 11. 3293 O. 7497 14. eeao 26. 1473 2 1396 a. oooo O. 0030 o. ooco ©. 0310
41 19. 6272 3. 8726 1 1. 1920 O. 791 1 14 9669 26. 4341 2. 1139 a. oooo O. 0030 o oooo ©. 0410
42 20 2479 3 *?816 10. 3443 O. 7273 14 3093 27. 4029 2. 2231 a. oooo ©. 0030 ©. oooo o. oo:o
43 20. 6333 4. 0390 14. 1231 O. 8486 14. 4602 20. 2677 2. 1726 a. oooo ©. 0030 o. oooo © 0210
44 21. 060? 4. 1094 it. 2341 1. 0493 14. 3973 29, 2490 2. 0623 a . oooo 0. 0030 o. oooo O. Olio
43 21- 2494 3 7503 lO. 9373 1. 2021 14. 3903 28 8 ? 72 8. 0313 a. oooo © 0030 o. oooo o. oico
46 21. 3737 3. 0001 9. 904? 1 2967 14. 4e03 29. 0609 X. 0197 a. oooo 0. 0030 ©. ooco 0. 0053
47 21. 3183 3. 8483 9. 1099 1. 4141 84 4109 29. 3603 O. 9423 a cooo ©. 0030 © oooo 0 CCc6
49 21. 6748 3 8391 8. 3348 1. 3910 14 3327 29. 6374 © 9120 8. oooo 0. 0030 0 oooo 0. 0049
49 21. 8372 3. 9432 7. 7468 1. 8664 14. 6036 29. 9910 ©. 8913 8. OOOO 0. 0030 © cooo ©. oca2
30 19. 0443 6. 3763 lO. 9734 O. 6707 S3 2333 20. 8069 2. 3233 a. oooo O. 0020 ©. oooo 0. 0310
31 21. 1313 6. 012 3 22. 0002 O 7691 14 7344 31. 0133 2 2732 a. oooo 0. 0020 0 . oooo o. oaio
32 21. 4631 3. 9674 19. 3979 O. 0706 14. 6294 31. 4812 2. 2733 s. oooo ©. 0020 o. oooo O. 0210
33 21. 6801 3 9973 13. 0131 1. 0039 14. 4472 32. 4 364 2. 2226 a. oooo 0. 0020 0 . oooo O. 0 1

1

o
34 22. 0733 3. 763 4 12. 0027 1. 1989 14. 3083 31. 9943 1. 3309 a. oooo © 0020 © oooo ©. ©1 CO
33 22. 2943 3. 7773 10 3073 1. 3747 14. 6219 32 2720 1. 2333 a. oooo 0. 0020 o. oooo o. ocai
36 22. 32 59 3 9737 9. 0943 1. 3690 14. 3332 32 7271 a. 0931 a. oooo 0. 0020 0 . oooo 0. 0C62
37 22. 7799 6 0244 7. 9783 l. 8360 14. 7346 33. 2411 1. 0293 a. oooo © 0020 o. oooo O. OC43
3a 23- 0992 t> 1343 7. 1002 2. 3431 14 9833 34. 4013 O. 8663 a. oooo ©. 0020 ©. oooo O. 0C24
39 23. 7963 6 4127 6. 2313 3. 8244 13. 2810 37. 3998 0. 7126 a. oooo 0. 0020 0, oooo O. 0003
60 20 3333 2 7670 iO. 3960 ft. 1720 14. 3242 23. 9193 0. 9799 1. oooo 0. OlOO o. oooo CL 01CO
61 * 20. 3733 2 9676 10. 4319 1. 1749 14. 3368 26. 6334 0. 9999 %. oooo ©. 0083 © oooo 0-0:20
62 20. 8313 ' 3 2393 10. 6282 1. 1819 14. 3333 27. 4 674 1. 0181 a. oooo ©. 0070 o. oooo ©. oico
63 21- 1329 3 6161 10. 9189 1. 1947 14. 3801 28. 4 400 a. ©4i4 a. oooo O. 0033 c. oooo a oico
64 21. 4963 4. 2060 11. 0392 1. 2064 14. 4363 29. 6764 1. 8009 a. oooo O. 0040 o. oooo ©. OICO
63 21- 9173 3 241 1 1 1. 6163 1. 1996 14 4917 31. 3128 8. 2610 a. oooo O. 0023 o. oooo o oico
66 21- CO62 2- 9460 7. 9934 2. 1029 14. 6392 27. 0222 ©. 3133 8. oooo 0. OlOO ©. oooo O. 0020
67 21- 1797 2. 9923 7. 8933 2. 2062 14. 6390 27. 7287 0. 3364 a. oooo 0. 0093 ©. oooo 0 0020
68 21. 4743 3 2944 7. 7253 2. 2183 14. 6956 28. 7163 ©. 3360 a. oooo 0. 0070 ©. oooo 0. occo
69 21. 8493 3. 7494 7. 3607 2. 2433 14. 7221 29. 9223 O. 3038 a. oooo ©. 0033 o. ooco o. 0020
70 22. 3243 4. 4666 7. 4240 2. 3132 14. 7823 31. 4326 ©. 4339 a. oooo O. 0040 0 . oooo 0. 0C2O
71 22. 9730 3. 6319 7. 0799 2. 4718 14. 9073 33 0604 ©. 70U a. oooo 0. 0023 o. oooo a oc2o
72 23- 7676 7. 1447 6. 1749 2 7933 13. 4321 37. 3716 O. 81 IO a. oooo © 0010 o. oooo- 0. 0020
73 21. 0762 2. 8000 7. 8760 2. 3207 14. 6027 27. 2303 Q. 2671 %. oooo 0. OlOO 0 . oooo O. OOIO
74 21- 2603 3. 033 1 7. 7173 2. 3977 14. 7110 27. 9776 ©. 2636 a. oooo O. 0083 o. oooo O. OOIO
73 21- 3336 3. 3079 7. 3271 2 4310 84 . 7431 28. 9312 O. 2636 a. oooo O. 0070 o. oooo O. OOIO
76 21. 9266 3. 7017 7. 3611 2. 5096 14. 7003 30. 2261 O 2604 8. oooo 0. 0033 0 . oooo 0. OOIO
77 22 4942 4. 4997 7. 0682 2 7480 14 9063 32. 3091 ©. 2091 a. oooo O. 0040 o. oooo ©. OOIO
70 23- 1083 3. 603 3 6. 9967 2 8?37 14. 9736 34. 3974 ©. 3298 a. oooo ©. 0023 o. oooo O. ©CIO
79 23- 8629 6. 9607 6 0329 3 3276 13. 3962 37. 9000 O. 7793 a. oooo O. OOIO o. oooo O. OOIO
BO 21. 1077 2 900? 7. B363 2 3912 14 7022 27. 3429 O. 2333 a. oooo O. OlOO o. oooo a oooo
ei 21. 2?39 3. 0601 7. 6467 2 4674 14 7342 20 1117 O 2333 1 . oooo ©. 0083 ©. oooo O. 0003
82 21. 3343 3. 321 3 7. 4478 2. 3379 14. 7701 29. 0764 © 2300 a . oooo O. 0070 o. oooo O. OC-03

83 21- 9339 3. 8126 7. 2794 2. 6030 14. 0008 30 3963 O 2462 a. oooo O. 0033 a oooo 'a 0073
84 22 3236 4. 3362 7. 0034 2. 8732 14. 9232 32. 3160 ©. IU94 a. oooo ©. 0040 o. oooo O. 0003
63 23 7194 6. 1 027 6. 3411 4. 0167 . 13.2097 36. 8990 ©. 2032 a. oooo O. 0023 CL OOOO a 0003
86 23. 0379 6. 7377 6. 0003 3 8767 13. 3272 37. 993? ©. 2341 I. oooo O. OOIO ©. oooo ©. 0003
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Figure G-3

BUMMAIIV lATlLE OT FUEL IHIsnlONO AND CNIHIH VAH l AlU.Cfl f (lit VARIOUS OPTIMAL HOEUI IONS -THE OXIDI2INO CATALYST CASE.

N FUl'l CL /HI HC<0/M> C0(0/ri) NO<C/M) A/r 11

A

TOR LAC ft* L LAO MC IAO €0 LAO NO
8 23 9253 • 2 1262 I 1936 4 3317 15 4072 39 215311 0 0000 1 OO00 0 0003 0. OOOO 0. OOOO
2 10. CM 7 O 6546 1. 0791 l. 4097 14. 1152 13 1166 0 2074 „ O OOOO X. 0003 0. OOOO 0. OOOO
3 19. 2601 0. 7403 1. 7324 0 5320 17. 0054 2? 0009 3 9520 c 0000 0. OOOO 0. OOOO l OOOO
4 20. 34 37 4. 994 0 1 9290 C 6090 15 9665 33 3709 2 0060 1. OOOO 0. OOOO 0. OOOO 0 0620
3 20. 7695 4. 3399 1. 01 60 0 66 76 16 0010 34. 9009 2. (1481 i OOOO 0. OOOO 0 OOOO 0 0320
* 21. 0046 4 1710 1. 7766 0 7239 16 0609 33 4094 2 0403 £ OOOO 0. OOOO 0. OOOO 0 0420
7 21 5961 4. 0509 1. 7304 0 77C0 16. 6994 37 4219 2. 3072 1 OOOO 0. OOOO 0. OOOO 0 0320
& 21 . 9081 3 7000 1. B156 0 0017 16 4256 37 6593 ,2 6331 1. OOOO 0. OOOO 0. OOOO 0. 0220
9 22 5491 3. 809 1 2 0449 1. 0372 15 5376 37 6663 3. 1068 ». 0000 0. OOOO 0. OOOO 0 . 0:20
SO 23. 5654 2. 807 6 1 22 70 2. 1381 1 5. 3030 30 9704 2. 9031 1. OOOO 0. OOOO 0. OOOO 0 0020
SI 22 971 l 2 8757 1 4064 1 4438 15. 4531 30. 2972 I. 4674 t. OOOO 0. OOOO 0. OOOO 0. 0000
S 2 23. 1169 2. 7452 1. 4514 1 5705 15 5007 38 4491 t. 2931 l OOOO 0. OOOO 0. OOOO 0 0069
13 23. 27 50 2. 6240 1. 4228 1. 7436 15. 5436 38. 6192 1 14(4 1 . 0000 0. OOOO 0. OOOO 0 0050
S 4 23 4509 2. 4347 1. 3752 1 V762 15. 5008 DO 7391 O 9994 X. OOOO 0. OOOO 0. OOOO 0 0047
15 23. 6713 2. 3717 1. 3310 2. 3005 15 5936 30. 0724 0 8660 1. OOOO 0. OOOO 0 OOOO 0. 0036
16 23 7656 2 3655 S. 2448 2 4942 13 6399 30 0696 0 0561 1 OOOO 0 . OOOO 0. OOOO 0 0023
17 23 G720 2. 3079 1. 2205 2 0575 15 5731 39. 1292 0 8633 1. OOOO 0. OOOO 0. OOOO 0. 0014
18 10. 9092 0 6605 1. 6549 1 6287 14. 3743 17. 5218 0 2383 S. OOOO 0. 0900 0. OOOO 0. OOOO
19 19. 0956 0. 6710 1. 6105 1. 6991 14. 43R6 17. 7*99 0 2073 S. OOOO 0. 0750 0. OOOO 0. OOOO
20 19. 2154 0. 6762 1. 5900 1. 7032 14 4083 18 0106 0 2774 1. OOOO 0. 0600 0. OOOO 0. OOOO
21 19 3519 0. 6025 1. 5653 1 . 8V 1

1

14 5403 IB. 3570 0 2657 I OOOO 0 . 0430 0. OOOO 0. OOOO
22 19. 5204 0. 6935 1. 5395 2 0347 14. 6304 18 0399 0 2596 1. OOOO 0. 0300 0. OOOO 0. OOOO
23 20. 6036 0. C03C 1. 5070 2 2830 14. 6G08 23. 6614 0. 2494 1 OOOO 0 . 0130 0. OOOO 0. OOOO
24 20. 0409 0. 8276 1. 5064 2 3721 14. 6743 26. 2005 0 0592 X. OOOO 0. 0130 0. OOOO 0. OOOO
25 21. 0235 0 0591 1. 5079 2. 4442 14. 6097 26 9327 0. 0563 S. OOOO 0 . 0 1 1

0

0. OOOO 0. OOOO
26 21. 2647 0. 9079 1. 4065 2. 5436 14. 7240 27. 9 173 O 0534 X OOOO 0. 0090 0. OOOO 0. OOOO
27 21. 5715 0. 9046 1. 44 53 2. 6640 14. 7789 29. 1493 0 0407 S. OOOO 0. 0070 0. OOOO 0 OOOO
28 22. 1657 1. 1748 1. 4107 2. 0019 14 0432 31. 0858 0 0359 1. OOOO 0. 0050 0. OOOO 0. OOOO
29 23. 0168 1. 5256 1. 3703 3. 2610 14. 9529 34. 1626 0. 0000 1. OOOO 0. 0030 0. OOOO 0. OOOO
30 19. 1590 0. 7220 2. 0366 0. 0317 14. 1592 22. 7964 2. 4054 1. OOOO 0 . 0200 0. OOOO 0. 0160
31 19. 6644 0. 7273 1. 5396 1. 5267 14. 5421 23. 1044 1. 9789 1. OOOO 0. 0200 0. OOOO 0. 0010
32 19. 7521 0. 8818 2. 3275 0. 7340 14 0545 25 3777 2 0091 1 . ooco 0 . 0100 0. OOOO 0. 0210
33 20. 0330 0. 0765 1. ?e68 0. 9181 14. 2496 25. 7331 1. 0627 l OOOO 0 . OlOO 0. OOOO 0 0110
34 20. 1921 0 8416 2. 0441 1. 0477 14 1910 25. 6914 1 0378 a. 0000 0 . 0100 0. OOOO 0. 0130
35 20. 3209 O. 841 7 1. 9423 1. 1436 14. 2965 23. 8719 0 9939 1. OOOO 0 . 0100 0. OOOO 0. 0106
36 20. 4723 0. 8443 1. 7837 1 2724 14. 4068 26 1049 0 91C6 1. OOOO 0. 0100 0 . OOOO 0. 0002
37 20. 6504 0. 8500 1. 6614 1. 4545 14 4081 26 3876 0 7733 l. OOOO 0. 0100 0. OOOO 0. 0058
38 20. 0566 0 8568 1. 5724 1. 7046 14 3778 26. 7541 0. 3443 1 OOOO 0 . 0100 0. OOOO 0. 0034
39 21. 0762 0. 0700 1. 5215 2. 32G7 14. 6827 27. 2303 0. 2671 1. OOOO 0.0100 0. OOOO 0. 0010
40 19. 4707 1. 137 5 2. 0693 0. 7499 14. 0000 26 1473 2 1506 2 . OOOO 0 . 0030 0. OOOO 0. 0310
41 19. 6273 1. 1101 2. 0109 0 79! 1 14. 9669 26 4341 2 1159 1 . OOOO 0 . 0050 0. OOOO 0. 0410
42 20. 2499 1. 1454 3. 0917 0 7273 14. 3095 27. 4029 2. 2251 1 . OOOO 0. 0050 0. OOOO 0. 0310
43 20. 6585 1. 1650 2. 4583 0. 84e6 14. 4602 28. 2677 2. 1726 S. 0003 0. 0050 0. OOOO 0. 0210
44 .21. 0609 1. 1771 2. 0251 1. 0495 14. 5973 29. 2490 2 0623 1. OOOO 0. 0050 0. OOOO 0. 0110
45 . 21.2494 1. 0951 1. 9806 1. 202! 14. 3903 29. 0172 1 0515 1. OOOO 0 . 0050 0 OOOO 0. 0100
46 21. 3757 1. 1020 1 . 0257 1. 2967 14. 4803 29. 0608 1. 0197 1. OOOO 0. 0050 0. OOOO 0. 0003
47 21. 5185 1. 1121 1. 7065 1.4J41 14. 4109 29. 3605 0. 9425 1. OOOO 0 . 0030 0. OOOO 0. 0066
48 21. 6740 1 1220 1. 5932 1. 5910 14. 3327 29. 6374 0 9120 1. OOOO 0. 0050 0. OOOO 0. 0049
49 21. 0572 1. 1363 1 . 3020 1. B664 14. 6836 29. 9910 0. 0913 1. OOOO 0 . 0030 0. OOOO 0. 0032
50 19 C445 1. 794 1 1. 9060 0. 6707 15. 2333 28. 0069 2 5253 1. OOOO 0. 0020 0. OOOO 0. 0510
51 21. 1515 1. 6531 3. 6400 0. 7691 14. 7344 31. 0!53 2 2732 t. OOOO 0 . 0020 0. OOOO 0. 0310
52 21. 4651 1. 6419 3. 2402 0. 8706 14. 6294 31 4812 2 2733 1. OOOO 0. 0020 0. OOOO 0. 0210
53 21. 0001 1. 6493 2. 2920 1. 0039 14 4472 32. 4564 2. 2226 1 OOOO 0. 0020 0. OOOO 0. 01 10
54 22. 0730 1. 5909 2. 1404 1. 1909 14. 5083 31. 9943 1. 3509 a. 0000 0. 0020 0. OOOO 0. 0100
55 22. 2943 1. 5944 1. 0061 1. 3747 14 6219 32. 2720 1. 2333 1 . OOOO 0. 0020 0. OOOO 0. 0081
56 22. 5259 1. 6184 1. 7026 1. 5690 14. 5332 32. 7271 1. 0831 1. OOOO 0 . 0020 0. OOOO 0. 0062
57 22. 7798 1. 6561 1. 5367 1. 0560 14. 7346 33. 24 1 1 I. 0293 1. OOOO 0. 0020 0. OOOO 0. 0043
50 23. 0932 1. 6936 1. 4062 2. 3*31 14. 9053 34. 4015 0. 0665 t. OOOO 0 . 0020 0. OOOO 0 0024
59 23. 7965 1 7532 1. 2747 3. 0244 15. 2310 37. 3090 0. 7126 1 OOOO 0 . 0020 0. OOOO 0. 0005
60 20. 3558 0 8417 1 . 0994 1 1720 14. 324.? 23 9193 0. 9799 2. OOOO 0 . 0100 0. OOOO 0. 0100
61 20. 5733 0. 091 9 1. 9040 1. 1748 14. 3368 26 6334 0. 999? 1. OOOO 0. 0005 0. OOOO 0. 0100
"65“ 20. 0313 0. 9599 1. 9342 1. 1819 14. 3539 27. 4674 1 0181 1 OOOO 0. 0070 0. OOOO 0. 0100
63 21. 1328 1. 0540 1. 9778 1. 1947 14. 3001 28 4403 1. 0414 l. OOOO 0. 0055 0. OOOO 0. 0100
64 21. 4965 1. 201

7

1. 9909 1. 2064 14. 4365 29. 6764 1. 1009 1. OOOO 0. 0040 0. OOOO 0. 0100
65 21. 9175 1. 4603 2. 0025 1. 1996 14 4917 31 3128 1 2610 1. OOOO 0. 0025 0. OOOO 0. 0100
66 21. 0062 0. 6615 1. 5370 2. 1C2V 14 6372 27. 0222 0 3135 1. OOOO 0. 0100 0. OOOO 0. 0020
67 21. 1707 0 . e?e 1 1. 5243 2. 2062 14. 6590 27. 7287 0. 3364 i. OOOO 0. 0005 0. OOOO 0. 0020
68 21. 4745 0. 9736 1 . 4900 2. 2103 14. 6856 20. 7 163 C 3560 1. OOOO 0 . 0070 0. OOOO 0. 0020
69 21. 8493 1. 0073 1. 4753 2. 2455 14. 7221 29. 9223 0. 3030 1. OOOO 0. 0055 0. OOOO 0. 0020
70 22. 3243 1. 2667 1 4 536 2. 3102 14 7023 31 . 4 326 0 4359 1. OOOO 0. 0040 0 OOOO 0. 0020
71 22. 9730 1. 5580 1 . 4020 2. 4710 14. 9075 33 06C4 0 7C1 1 X OOOO 0. 0025 0 OOOO 0. 0020
72 23. 7676 1. 9362 1. 2662 2 7933 15 4521 37. 5716 0 01 10 1. OOOO 0 . 0010 0. OOOO 0 0020
73 21. 0762 0. 0700 1 5215 2. 3787 14 6827 27 2303 0. 2671 1 OOOO 0.0100 0. OOOO 0 0010
74 21. 2605 0. 9003 1 49/6 2. 3977 14. 7110 27 9776 O 2636 1 . 00CO 0. 0003 0. OOOO 0 0010
75 21. 5336 0 9769 1. 4691 2. 4510 14 7431 2P 9512 0 2636 1. OOOO 0 0070 0 OOOO 0 . 0010
76 21 9266 1. 0954 1. 44 42 2. 5076 14. 7005 30. 2261 0. 2604 1 OOOO 0. 0055 0. OOOO 0 0010
77 22. 4 9 4 2 I 2749 1. 4002 2 7 4 GO 14 9063 32 3031 0 20c 1 1 000c 0 . 0040 0. OOOO 0 0010
7B 23 1 035 1. 601

3

1. 307 7 2 8937 14 9736 34 3974 0 3290 1 . OOOO 0. 0023 0 . 0000 0 0010
79 23 0679 1. 8922 1 . 2447 3. 3276 1 3. 3762 37 9000 0 7793 X OOOO 0 0010 0 OOOO 0 0010
BO 21. 1077 0 0752 1. 5154 2. 39 1 2 14 7022 27 3429 0 2333 l OOOO 0 0100 © OOOO 0 0003
01 21. 295? 0. ?150 1 40 70 2- 4674 14. 7342 28. 1117 0 2533 1. OOOO 0 0005 0. 0300 0 0003
82 21. 5543 0. 9804 1 4572 2. 5379 14. 7701 29 0764 0 2500 I. OOOO 0 (>070 0 OOOO 0 0005
03 21. 9507 1. 1031 1. 431V 2. 6030 14 0000 30. 3763 0 2462 1. OOOO 0 0053 0 . OOOO 0 0003
04 22 5236 1. 204 | 1 .

3908 2 0752 14 9252 32 3160 0 lr»94 1 ooco 0 0040 0 OOOO 0 0003
05 23. 7194 1 695 7 1 2912 4. 0167 13 SN>97 36 1*8711 O 2032 1 OOOO 0 0023 0. OOOO 0 0003
86 23 8579 J. 0394 1. 2401 3 0767 13 3272 37. VV3V 0 2341 1 . 001*0 0 0010 0. OOOO 0. 0003
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Figure G-4

SUMMARY TAOLC OF FtCL En I SO 10*3 AMO CNTROL VARIABLES FOR VARIOUS OPTInAL SOLUTIONS -Tut THREE UAV CATALYST CASE.

ru€LlL/Nl MC«C/M» COt 0 /pi > NOlO/rt) A/F SA CCA LAO FUFL a AO ire LAO CO LAO NO
23 1742 1 9243 4 3320 1 3037 14. 6297 30 3603 © 0000 l. oooo o. oooo 0 . oooo o. oooo
10 3859 0 6460 4 3036 0 3079 14 5794 13 0600 0. 1990 o oooo a. oooo 0. oooo o. oooo
1 9 2246 O 6634 4. 3122 0 3183 14 3033 20 8721 0 1770 1 . oooo ©. 0060 © cooo o. oooo
19 2392 0 6641 4. 3127 O 3213 14 3033 21. 0137 0. 1707 a. oooo ©. 0 /40 o oooo o oooo
19. 3244 0 6637 4 3139 O 3280 t 4 3033 21 2333 ©. 1363 1 . oooo O. 0620 o. c ooo o. oooo
19. 4063 0. 6601 4. 30V9 O 3433 14 3921 21. 3400 0. 1190 1 . oooo © 0300 o oooo o. oooo
19. 3061 0 6718 4. 3097 0 3613 14. 6064 21. 9142 0. 0004 1 . oooo O 0330 0 . oooo ©. oooo
19. 7731 0 696 1 4. 3039 O 3833 14 6260 22 8363 O. 0694 1 . oooo O. 0260 o oooo o. oooo
20 3248 0 7432 4 2998 0. 6189 14 6268 23. 8249 0 0640 1 . oooo 0. 0140 0 oooo o. oooo
22. 9194 1. 4233 4. 3166 1. 3002 14 6438 36 1873 0 0441 1 . oooo 0. 0020 0 oooo 0 . oooo
19 2739 1. 9193 4. 4079 0 2323 14 3334 24. 6037 D. 0914 ©. oooo ©. oooo o oooo l. cooo
20 8163 2. 2038 4 3993 0. 2726 14 3677 31. 3308 3 2344 1 . oooo 0 . oooo 0 oooo O. 0600
20. 9214 2 1174 4. 3916 O. 2769 14 3677 31. 7682 3. 0004 1 . oooo 0 . oooo 0 . oooo © 0320
21 0373 2. C300 4 39J0 O 2829 14. 3677 31. 9 323 2 9342 1. oooo o. oooo © oooo O. 0440
21 2841 1. 9633 4. 3970 0 2900 14 6023 32. 3887 2 0379 1 . oooo o. oooo c. oooo O. 0360
21. 64U 1. 9173 4. 3932 O 3243 14. 6023 33. 0262 2. 7071 a. oooo ©. oooo o. oooo O. 0200
22 C283 1. 934 1 4. 4029 O. 3609 14. 6319 33 806© 2 7883 B- OOOO ©. oooo o oooo ©. 0200
22 4079 2. 0632 4 41 14 0 4143 14. 6000 33. 0939 2. 7072 t . oooo ©. oooo 0 oooo ©. 0120
22 9374 2. 1793 4. 3490 O 3607 14. 6229 37. 6761 3. 0049 1 . oooo 0 . oooo 0 . oooo ©. ©040
IB 9628 0 7101 4. 3427 O 3009 14 3334 21. 4492 2. 4397 1 . oooo 0. 0200 o. ©coo o. 0600
19. 1133 O. 7060 4. 3402 O 3033 14 3334 21. 9793 2. 1772 l. oooo ©. 0200 o. oooo © 0320
19. 1636 0. 7073 4. 3410 O. 3039 14. 3334 22. 1364 2. 1230 8. OOOO 0. 0200 0 oooo ©. 0290
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Appendix H

ELECTRONIC SCHEMATICS OF THE PRESSURE DETECTION CIRCUITS
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Appendix I

SPARK ADVANCE MEASUREMENT AND CONTROL

1. Introduction

The spark timing computer system is designed to collect spark

advance data and to control spark advance on a multicylinder engine.

The system may be expanded for collection of peak cylinder pressure

timing data and for feedback control of spark advance. Spark advance

calculation and data collection is performed by timing from a reference

point in the engine cycle to detection of the spark event, and then

comparing this time to a reference time which is the time required for

half of an engine revolution. The ratio of the two times is used to

determine the point in the engine cycle where the spark event occurred.

Similarly, spark advance control is implemented by timing half of an

engine revolution, calculating the time required to trigger the spark

at a desired point in the engine cycle, then timing from an engine

reference point until time to trigger the spark. A detailed descrip-

tion of the spark timing algorithms is given in the "Software” section 3.

Figure 1-1 is an overall schematic of the hardware used

to implement the spark timing system. Engine cycle reference is generated

by an optical switch which is used to detect the passage of slots machined

in the crankshaft pulley at 60° BTDC and 120° ATDC . The signal from the

optical switch is amplified and transmitted to the computer. The spark

discharge in the #1 cylinder is detected by an inductive pickoff and a

digital pulse is transmitted to the computer. The spark trigger for

the electronic ignition is switch selectable from either the distributer

or from the computer. The isolation electronics are used to electrically

isolate the engine electrical system from the computer electronics by

means of optically coupled isolators. The spark timing computer elec-

tronics are on three cards dedicated to engine interface and interrupt

generation, CPU and memory functions, and interfacing with a NOVA-3

computer which is used for data collection and engine test stand control.

A detailed description of this hardware follows.
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2 Hardware

The following description deals with design considerations and

intended use of the hardward features.

Engine cycle reference is provided by an optical switch which

senses the passage of slots machined in the crankshaft pulley at 60°BTDC

and 120° ATDC . Figure 1-2 is an electrical schematic of the optical

switch and buffer. This circuit provides a low logic level pulse to

the spark timing computer when a slot on the crankshaft pulley passes

through the optical switch.

An inductive spark pickoff is used to detect discharge of the #1

cylinder spark plug. Figure 1-3 is an electrical schematic of the

spark detection circuitry. This circuit provides a low logic level

pulse to the spark timing computer when the #1 cylinder spark plug

discharges. A Fairchild 820B optically coupled isolator is used to

minimize electrical noise transmission from the spark detection circuit

to the computer electronics.

The spark trigger source for the electronic ignition module is

switch selectable from either the distributor for conventional spark

timing control or from the computer. The spark trigger from the computer

is transmitted through an optically coupled isolator for isolation of

the computer electronics from the engine electrical system. Figure 1-3

contains the electrical schematic of the isolation circuitry for the

spark trigger.

The spark timing control computer consists of a Z80 central pro-

cessing unit with IK bytes of erasable programmable read-only memory

and 256 bytes of static read-write memory. Figure 1-4 is an electrical

schematic of the computer. The data bus has been split into two buses:

an internal, unbuffered data bus provides communications between the

CPU and the memory chips, and a buffered, external data bus provides

noise immunity and fan-out capability for communication with all input/

output devices. Input and output address decoding is provided by BCD

decoding chips. The IK EPROM occupies momory locations 0000-03FF^g and
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the 256 byte RAM occupies locations 400-4FF^g. Circuitry for a 2.5 MHz

crystal controlled clock is also provided.

Signal conditioning electronics for noise immunity and for timing

compatibility are provided on the engine-computer interface card shown

schematically on Fig. 1-5. Both timing mark and spark detection pulses

are filtered then buffered by a schmidt trigger inverter to minimize

effects of noise pickup in the signal lines from the engine. In

order to provide timing compatibility with the computer, the negative

going edges of these signals are used to clock edge triggered flip-flops

.

The outputs of the flip-flops are wire-or’ed (negative logic) to the

computer interrupt circuitry and they appear as data bits at input

port rr6: bit 0 is low for a timing mark interrupt and bit 1 is low for

a spark detection interrupt. Input port 6 is a quad 2 to 1 multiplexor

with tri-state output which will allow eventual expansion to two 4-bit

input ports. The flip-flops are reset by the computer strobing output

port 3. This circuitry is intended to provide for the following

response to detection of either spark or a timing mark:

1) the flip-flop will be set, thus generating an interrupt request;

2) the computer interrupt service routine will read input port 6

to determine which event is generating the interrupt;

3) the computer will strobe output port 6 to reset the flip-flops

and remove the interrupt request.

Circuitry is also provided on this card for transmitting a spark ignition

trigger. A 5^sec pulse is required to turn on the LED in the optically

coupled isolator in the spark triggering circuitry; therefore a one-shot

is used to provide a pulse of sufficient duration in response to a computer

instruction to output to port 2.

Primary data collection and engine test stand control are provided

by a NOVA-3 minicomputer which communicates with the spark timing computer

through the interface circuitry shown in Fig. 1-6. Twelve bits of data

are transmitted from the NOVA to the spark timing computer so two 8 bit

input ports are dedicated to reception of commands from the NOVA. Input

port 2 receives the 8 least significant bits of data from the NOVA and

input port 3 receives the next four significant bits of data in its four
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least significant bits. Figure 1-7 is a schematic representation of

the data transfer between the NOVA and the spark timing computer. The

four most significant bits in the NOVA data word are used for control

internal to the NOVA; therefore they are not transmitted to the spark

timing computer. NOVA data is multiplexed from the NOVA data bus to

various digital output ports. When the output port to the spark timing

computer is selected, the channel busy signal goes high.

NOVA
OUTPUT

SPARK TIMING
COMPUTER
INPUT

MSB LSB
1

1

5 7 8 d 10 11 12 13 | 14
|
15

CHANNEL
|busy

, ' y t y ' y ' y r ' t y t y ' i r 1 r ' r

7 6 5 4:3 2 1 0 7 5 ±J_3 2 1 0
1

MSB INPORT #3 LSB MSB INPORT #2 ISB

DATA TRANSFER TO SPARK TIMING COMPUTER

SPARK TIMING MSB
COMPUTER
OUTPUT

NOVA
INPUT

OUTPORT #1 LSB MSB OUTPORT #0 LSB

DATA TRANSFER TO NOVA

NOTE : NOVA data bits are numbered from 0 = most significant bit to

15 = least significant bit. Spark timing computer data bits

are numbered from 0 = least significant bit to 7 = most signi-
ficant bit.

Fig. 1-7 Data Transfer between NOVA and spark timing
computer

.
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This line is input as data bit 7 of input port #4 of the spark timing

computer; therefore it may be used in the spark timing computer software

to insure that the NOVA is not outputting new data while the spark timing

computer is reading data, a situation which could result in the spark

timing computer receiving a split data word.

Input ports 2 and 3 are implemented with two quad 2 to 1 multiplexors

with tri-state output. The multiplexor chips are enabled when the

MX IN line goes low. MXIN is a negative logic wire or of IN2 and IN3

signals (see Fig. 1-4). The multiplexor channel is selected by address

line AO which is low when input port 2 is selected and high when input

port 3 is selected.

Sixteen bits of data are transmitted to the NOVA from two spark

timing computer output ports. Output port 0 transmits 8 bits of data

to the 8 least significant bits of the NOVA 16-bit input port, and

output port 1 transmits the eight most significant bits of data to the

NOVA (see Fig. 1-7). These two output ports are implemented with

8212 tri-state buffers. The output port #1 strobe is also used to

activate a time delayed pulse to the NOVA which is used to strobe 16 bits

of data into the NOVA data receiving hardware. The transmission of

data from the spark timing computer to the NOVA is expected to follow this

sequence

;

1) the eight least significant bits of data are output to output

port 0;

2) the eight most significant bits of data are output to output

port 1

;

3) a two millisecond delay ensures that the 16 bits of output data

will stabilize on the transmission lines from the spark timing

computer to the NOVA;

4) the ten millisecond pulse is used by NOVA hardware to latch

sixteen bits of stable data.

Also note that the "channel busy" signal is high when the NOVA is

reading data from the spark timing computer; so spark timing computer

software may monitor this signal to ensure that the NOVA is getting

good data; however, the hardware interface between the two computers
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should ensure that the NOVA never receives a split data word.

The 12 least significant bits of data which are transmitted to the

NOVA are also displayed on the front panel of the operator console

which houses the spark timing computer. Figure I-8A is an electrical

schematic of the wiring for the three BCD, LED displays.

Figure I-8Bis an electrical schematic of the switches mounted

on the front panel of the operator console for local control of the

spark timing computer. The RUN-RESET switch grounds the RESET line of

the Z-80 CPU, thus initializing the computer so that the program may

start when the switch is set to the RUN position. The COMPUTER-LOCAL-

ENTER switch is monitored by spark timing computer input port 4. When

bits 0 and 1 of input port 4 are high, the switch is in the LOCAL

position, when bit 1 is low, the switch is in the ENTER position and

when bit 0 is low the switch is in the COMPUTER position. Two hexa-

decimal switch assemblies are mounted on the operator console for local

operator input to the spark timing computer. These switches are

monitored as input port 0 and input port 1. The diodes prevent the

shorting together of the data bus lines through the switch "common.”

Note that the input from these switches is negative logic; therefore

computer software should I's complement data from input ports 0 and 1.

Figure 1-9 summarizes spark timing computer I/O port assignments.

Fig. I-10A is an electrical schematic of rack wiring for the TEST

ENGINE CONSOLE which houses the spark timing computer in card slots

3,4 and 5. Fig. I-10B shows the physical layout of cards 3,4 and 5

which contain the spark timing computer CPU, NOVA interface and engine

interface electronics.
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INPUT PORTS

0 "INPUT 0" hex switch

1 "INPUT 1" hex switch

2 NOVA to spark timing computer
least significant 8 bits

3 NOVA to spark timing computer
most significant 4 bits

4 Console COMPUTER-LOCAL-ENTER switch
j

6 Interrupt flag word

OUTPUT PORTS

0 Spark timing computer to NOVA
and operator console display
least significant 8 bits

1 Spark timing computer to NOVA
most significant 8 bits and

operator console display most
significant four bits

2 Spark trigger

3 Interrupt flip-flops reset

Fig. 1-9 Spark Timing Computer I/O Port Assignments
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3. Software

a. Outline

The software is organized as two interrupt driven programs:

one program collects spark timing data when spark advance is controlled

by the distributor; while the other program controls the spark timing

to give a desired spark advance for engine mapping. The interrupts are

generated by the crank angle reference optical pickoff at 60°BTDC and

120°ATDC and by spark discharge on the #1 cylinder. One of these two

programs is selected during software initialization.

Both programs work on the basis of correspondence between time

and engine cycle position at constant or slowly changing engine speeds

as illustrated in Fig. 1-11. In this figure it can be seen that the

ratio of time-to-go 40° to time-to-go 180° is equal to the ratio of

40° to 180°; i.e., 1.3 msec/6msec = 40°/180° = .222. In the software

provided with the spark timing computer, counters are used as timers.

An LDIR instruction is used for counting which gives a count or "tick"

of 21 T-states of the Z80 CPU; so a tick is 8.4 microseconds with the

2.5 megahertz clock. At 5000 RPM a tick corresponds to .25 degrees of

crankshaft rotation.

TIMING
MARK

TIMING
MARK

At 0 = 6msec

180°

— A t^=l .3ms—
SPARK
DISCHARGE

40

60°BTDC 20°BTDC
ENGINE CYCLE POSITION

120°ATDC

At^ = time-to-go 40°

At = time-to-go 180°

Fig. 1-11 Correspondence between time and engine cycle position at
5000 RPM.
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The following abbreviations are used for the various timers:

CTOSPK = counts from 60°BTDC to ff 1 cylinder spark discharge;

CYISPT = counts from 60°BTDC to spark trigger command for

spark timing control

;

CSPTRF = counts from spark discharge to 120°ATDC reference;

C180 = counts for 180° crankshaft rotation from 60°BTDC

to 120°ATDC

.

When the computer is used for acquisition of spark timing data,

the following sequence is used for calculation of spark timing:

1) the time from the 60°BTDC timing mark to the detection of

the spark discharge (CTOSPK) is stored;

2) the time from spark discharge to the 120°ATDC timing mark

(CSPTRF) is added to CTOSPK to give the time for 180° of

crankshaft rotation (C180)

;

3) spark advance (SA) is calculated using the equation:

SA = 60° - 180°* (CTOSPK/C180) ( 1
- 1 )

When the spark timing computer is used for control of spark

advance, the software produces the following sequence:

1) the desired spark advance is input either through the

console switches or from the digital input port from the NOVA;

2) A spark timing ratio (CYISPR) is calculated from the desired

spark advance (DESSA)

:

CYISPR = (60°-DESSA)/l80° ( 1 -2 )

3)

The time for 180 of crankshaft rotation is measured; then

the spark timing ratio is used to calculate the number of timer

ticks (CYISPT) which is required to give the desired spark

advances

:

CYISPT = CYISPR*C180 (1-3)
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4) When the 60 BTDC interrupt occurs, the timer is decremented

to 0 at which time the spark trigger command is output. The
o

60 BTDC timing mark is used for timing the #1 and #4 cylinders.

The # 2 and #3 cylinders are timed by starting the timer at

120°ATDC which is also 60°BBDC . Distribution of the spark is

determined by distributor rotor position.

Initialization Software

Figure 1-12 is a block diagram of the initialization software. After

the stack register is initialized, the hexadecimal switches (LEFTSW) on

the console front panel are input. If the operator has entered "FF,"

then the computer will run the spark advance data collection program.

This program is selected by storing the address of the interrupt

service routine for the data collection program into index register IY.

All interrupts are serviced with a jump indirect through index register

IY.

Similarly, if the operator has entered any number except "FF" into

the switches, the spark advance control program is selected by storing

the address of the interrupt service routine for spark timing control

into index register IY. In order to change from data collection to

control or vice versa, the software must be reinitialized.

For spark advance control
,
the number entered by the operator is used

by the software as the desired spark advance (DES.SA) for calculation of

the spark ratio (SPKRAT) for initial engine timing. Initialization for

spark timing control is completed by the interrupt driven routine which

is block diagrammed in Fig. 1-13. This routine times for half of a

crankshaft rotation to get a value for C180
,
then calculates initial

values for the counts required to give the desired spark advance

(CYISPT, etc.). Control is then passed to the spark timing control

interrupt servicing software by setting register pair IY equal to RSPCON.
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Fig. 1-13 SPARK CONTROLLER INITIALIZATION
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b. Spark Timing Control Software

Figure 1-14 i s a block diagram of the spark timing control interrupt

service software. When the interrupt is generated by a timing mark, the

computer counts down the spark advance timer to zero, at which time the

spark trigger is output. A spark advance timer is maintained for each

cylinder (CY1SPT, CY2SPT, etc.) to facilitate the implementation of

spark advance control for individual cylinders; although this feature

has not been implemented in the current software. Additionally a cylinder

pointer (CYLPTR) is maintained by the software. This pointer is initial-

ized to 1 by detection of the #1 cylinder spark plug discharge. The

pointer is incremented each time a timing mark interrupt occurs; so the

pointer may be used by the software to keep track of the spark timers

for individual cylinders. Additionally this pointer may be used to

relate peak cylinder pressure timing data to individual cylinders.

After the spark is triggered, the machine state is restored except

for register pair BC which is set equal to one. If an LDIR counting

loop has been interrupted by the timing mark detection, then setting BC

equal to one will pop the program out of the counting loop upon the

return from the interrupt.

If the "1 cylinder spark plug discharges (distribution of the spark

is determined by the distributor rotor position) then a spark discharge

interrupt will be generated. The cylinder pointer is reset to one, and

an LDIR counting loop is started. The LDIR counting loop is interrupted

by the next timing mark interrupt, at which time register pair HL will

contain the counts from spark output to the timing mark (CSPTRF). After

outputting the spark trigger to the next cylinder, the timing mark

interrupt routine pops the spark routine out of the LDIR timing loop
15

by loading register pair BC = 1. If the timer count is greater than 2 ,

then the initialization routine is repeated. This provides a recovery

capability should engine speed drop below 100 RPM. If there is no timer

overflow, spark timing counts for each cylinder are calculated. Finally

desired spark advance is input, spark ratio for the next cycle is cal-

culated, the machine state is restored and a return from interrupt sub-

routine is implemented.

1-23



R81C0N
ENTER ON
INTERRUPT

RETURN FROM
SUBROin*TNE

1-24



HALT 1-25



R8IC0N
ENTER ON
interrupt
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c. Spark Timing Data Acquisition Software

Figure 1-15 is a block diagram of the spark timing data collection

software. The interrupt flag word is input, then the the interrupt flip-

flops are reset. The interrupt flag word is tested to determine whether

the interrupt was generated by a timing mark or by the #1 cylinder spark

discharge. If the interrupt was generated by the spark discharge, a

spark discharge flag (SPKFLG) is set, the counts from the 60° BTDC

timing mark to the spark discharge (CTOSPK) are saved, then the timers

are reinitialized and restarted.

If the interrupt is generated by a timing mark, then SPKFLG is

tested. If SPKFLG is set, then CTOSPK has just been updated and the

timer contains the counts from spark discharge to the 120°ATDC timing

mark (CSPTRF)
;

so spark advance may be calculated. Occasionally the

spark discharge generates two digital pulses which are transmitted to

the computer, and CTOSPK contains the time between these pulses. In

order to prevent calculation of erroneous spark advances, CTOSPK is

tested for a minimum value indicating that it contains good data. If

CTOSPK contains good data then spark advance is calculated. In order to

smooth the operator console display, spark advance is averaged over

eight engine cycles. The counter AVECTR is used to count eight engine

cycles and the spark advances for eight cycles are accumulated in

SPKACC. After eight cycles, the average spark advance is output to the

NOVA and to the operator console and AVECTR and SPKACC are reinitialized.
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Appendix J

DIGITAL CONTROL OF AN ENGINE ON A DYNAMOMETER TEST STAND

I . DYNAMOMETER CONTROL

1 . Introduction

As described in various other sections of this report, the automated,

engine-test system was intended to reduce the operator workload while

enabling smoother data to be taken. In a completely manual system each

data point may take from 30 to 45 minutes while the operator must first

establish a steady operating condition in terms of engine torque, RPM,

spark advance, EGR
,
and fuel/air (F/A) ratio, then reads each measure-

ment once with "eye-ball" smoothing. The cost of obtaining enough data

points with sufficient accuracy to generate meaningful regression curve-

fits should be apparent.

In the system described in this report the engine power point was

automatically held to within + 1 RPM and + 1 Ft-lb torque over the

entire operating range, independent of other external operating parameters

(e.g., spark advance, EGR, F/A ratio and temperatures). Once temperatures

stabilized, the desired measurements were automatically sampled many times

and averaged, generating statistically smoother, more usable data.

A variety of automated, engine-test systems have been developed for

reciprocating and turbine engines, for data collection and endurance test-

ing. Several very general overviews exist in the literature which des-

cribe the makeup of systems in use at several major manufacturer labora-

tories: Ford [L-l], Detroit Diesel [w-l], GM Research [c-2,C-3],

This section of the report will present that portion of the engine-

test system associated with the control of torque and RPM. The discussion

will present the reader with the major aspects of component dynamics and

control strategies. A more detailed discussion of the hardware, software

and control analysis along with a full discussion of the "Servo Applica-

tion of a Microprocessor-Based Stepper Motor Controller" will be available

in the form of an Engineer Thesis later this year by Richard Boucher.
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2 . Background

The system to be controlled (as shown in Fig. J-l consisted of the

4 cylinder Ford Pinto engine with two outputs: torque and RPM; the analog

speed controlled dynamometer; the throttle servo (described in detail

in Sec. J...II) and the main control computer (a NOVA minicomputer).

For purposes of control, the engine and dynomometer are treated

together. They are coupled through fourth gear of a standard trans-

mission giving a 1:1 speed ratio. The dynamometer speed is measured by

a digital tachometer/counter using a 0 .5 sec update rate. The output

is converted to a four digit BCD value for local display and transmission

to the NOVA minicomputer, and converted to a voltage level for use by the

speed controller.

The engine torque is not measured directly but rather as a reaction

torque measurement on the dynomometer casing. Thus the relation between

measured torque, T and actual engine torque, T
,

is a dynamic one:
M B

1

I

]

i

T -
E M

= Jw (J-l)

J represents the total moment of inertia of all coupled, rotating parts

in the engine, drive train and dynomometer, while w is the rotational

(angular) acceleration. In the static state

“ = 0 - t
m

= t
e >

(J"2)

*

.

but in the dynamic state where the engine/dynomometer is accelerating or

decelerating

TM = T - Jw . (J-3)

Here T may remain fairly constant while T varies wildly (as will be
& M

seen in the transient response (Figs. J-15 to J-22).

There are several parasitic loads placed on the engine which are

functions of the rotational velocity and not the field voltage. One of

these is termed the dynomometer "windage,” which is actually the bearing

friction. The reaction to this torque is mechanically summed with the

J-2



field torque in the torque measurement, T
,

made at dynomometer casing.

Other loads include drive-train friction, and dynomometer cooling-air

pumping- torque from the armature fan, neither of which is measured and

both of which are assumed to be small. The torque measurement is made by

use of a linear, strain-guage type load-cell measuring the reaction force

on the casing of the dynomometer. The signal is boosted yielding a

0-10v output which is equivalent to 0-130 ft-lb. Calibration is effected

in the computer.

Engine torque measurement is inherently noisy. Induced engine

vibration due to imbalance and mechanical linkages is seen but the

primary contributor is the impulsive torque caused by each cylinder event.

This noise cannot be completely damped by the mechanical damping as shown in

Fig. J-2. . The analog torque signal conditioning included a single pole

filter at 200 Hz to eliminate the higher frequency structural modes. Low

frequency digital filtering is to be discussed later.

Eng/Dyno Control

Figure J-l
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Fig. J-

M
0.05 sec

2500 RPM
90 ft/lb

2500 RPM
70 ft/lb

2300 RPM
15 ft/lb

2200 RPM
80 ft/lb

1700 RPM
28 ft/lb

1700 RPM
44 ft/lb

Recordings of Torque at Various Resonant Engine Speeds
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T versus 0 at RPM

Torque
(T)

Throttle angle (9 )

low power
~ 30 ft-lb/degree

Figure j„3 T vs 9 at Constant RPM

The engine/dynomometer speed is controlled by modulating the field

voltage of the dynomometer while maintaining constant armature voltage.

Increased field voltage yields increased load torque, resulting in

reduced engine speed for a constant throttle setting. An analog speed

controller was used which fedback the 0.5 sec. updated speed to implement

integral compensation of the field voltage, yielding zero steady state

speed error, regardless of other operating conditions. The speed controller

accepts local operator inputs at the front panel, or computer inputs via

transmission cable. RPM commands range from 0 to 5000 RPM with 1 RPM

increments for front panel inputs and 10 RPM increments for computer inputs

(12 bits, encoded BCD). Speed is displayed on the front panel in four

digits with 1 RPM resolution and is available at the computer in 16 bits,

encoded inverted BCD, with 1 RPM resolution.
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3

.

Program Structure

The control programming was constructed in a multi-tasking environ-

ment using FORTRAN under the Data General Realtime Disk Operating

System (RDOS) on a NOVA 3 minicomputer. A display of critical system

variables was updated at the computer terminal every second. All command

inputs were issued through the terminal keyboard. Commands of throttle

position and RPM setpoint could be made in the open-loop mode, or engine

torque and RPM in the closed loop mode. Output of various parameters may

be made through D/A conversion to a stripchart recorder at a 10 Hz rate

for a continuous recording of system dynamics.

Tasks in order of relative priority:

1. CLOCK - Time base generation for 10 Hz sample rate.

2. RBxCON- (x = version no.) - Control Logic.

3. GAIN 1- implements function

GAIN = F (TORQUE , RPM) : Compensation for normalization of nonlinear

feedforward engine gain.

4. CONxIO- (x = version no.) - Command input acceptance, checking

and conversion to a format usable by RBxCON.

5. DPYT - Terminal display of critical operating parameters made

up of the following subroutines:

BCDTH - conversion of inverted BCD throttle position to

decimal for display;

DSPLY - display of operating parameters.

6. DACOUT - Output of selected parameter through one of two D/A

converters, with scaling and zero suppression.

.T-6



4. Static and Dynamic Response of Hardware

A series of static engine runs were made to determine the open-loop

torque of the engine as a function of RPM and throttle setting in degrees

from fully closed. The general result of these runs is shown without

scaling in Fig. J-3. These curves are a predominent result of the non-

linear nature of the butterfly valve used in the automotive carburetor.

The low power section of the curves (lower left corner) shows the high

throttle sensitivity:

30 ft-lb/deg (J-4)

which generated the step resolution requirement for the throttle servo.

The wide range of values for

= f(rpm,9)

Fig. J-4 Windage Torque vs RFM with No Field Voltage
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demonstrate the need for linearization of the plant feed-forward gain

in the control compensation. This was implemented as a look-up table

composed of a 4 x 6 matrix of constants used to normalize the plant

gain (Table J-l).

The upper left corner of the figure shows the low RPM curves

stopping before full throttle which records the onset of engine knock or

lugging. The lowest point of all curves represents that point at which

the engine torque was equal to the dynomometer windage torque and the

point at which the dynomometer field voltage went to zero with the engine

no longer able to sustain the desired speed. A more accurate measurement

of dynomometer windage was required to compensate for speed controller

"drop-out" (as will be discussed), and so a FORTRAN program was. written

which would construct a table of torque vs. RPM from 700 RPM to 2500 RPM

averaging a large number of torque readings after the RPM had settled to

a steady state value. In this test the throttle was indexed manually

with the speed controller defeated. The result of this table is repre-

sented by the band in Fig. J-4.

The droop in the curve at 1600 RPM is accounted for by reduced

bearing friction with frictional heating at higher RPM. There is, in

fact, hysteresis in the curve, as represented by the dotted line, when

reducing RPM after several minutes at sustained high RPM. A functional

representation of this data was approximated as:

0 <; RPM <; 1600 (J-5)

1600 < RPM

T(RPM) =
RPM
100 ’

T(RPM) = 16

The analog speed controller implemented a high gain, integral com-

pensation to obtain accurate regulation with zero steady state error and

rapid disturbance recovery. The controller exhibited nonlinearity and

saturation resulting in instability for large step inputs or operation

at low torque. Loop gain increased with RPM: a nonlinear characteristic

of the dynomometer. A simple dynamic model for the dynomometer with the

speed controller is shown in Fig. J-5. A brief discussion of the speed
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controller will aid in understanding important total system nonlinear-

ities which must be compensated in the final controller.
*

In Fig. J-5
, C (s) and the integral term, 1/s, represent the

dynamic compensation. The minus sign emphasizes the sense of the loop

gain while the integral term is to emphasize the free integrator in the

loop with V as the output voltage of the integrator. K represents
I r

the gain of the field voltage amplifier for which the output is con-

strained to positive values (this is because the dynomometer cannot be

switched from generating to motoring while in motion) . As discussed

earlier the stable response of reaction torque T to the field
K

voltage, V
,

is a positive function. The factor which relates these,

K^, varies with RIM. The engine torque, T may be modeled as biased

process noise in a simple, dynamically uncoupled model. The dynomometer

here is modeled as a single pole. The tachometer update rate, T = 0.5sec,

is the limiting factor in maximum system bandwidth.

The combined effect of integral control and the positively constrained

field voltage results in controller "drop-out," and sustained oscillation

in low torque operation. Figure J-6 shows the dynamic effect of con-

troller drop-out, which is attributable to the unclamped, negative-

voltage output of the integrator. Digital compensation of the above

behavior will be discussed in the section on nonlinear compensation.
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Fig. J-6 SPEED Controller Drop-Out
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5. Simple Controller

a. Model

It should be apparent from the previous discussion that within

a certain operational envelope the engine/dynomometer system, with speed

controller, is essentially open loop stable. That is to say, with

bounded inputs,, the outputs will remain bounded, although the static and

dynamic relationship between input and output will be nonlinear.

A primary requirement of the torque controller is that the

steady state error between measured engine torque and command torque be

zero. To do this requires a controller which adds a pure integrator in

the feed forward path, making the open loop system unstable, then adding

appropriate compensation with feedback to obtain desired dynamics.

As a real and physical system, this was not one that lent

itself to analytical, dynamic analysis. A wide variety of dynamic models

could be constructed to approximate the system dynamics. These might

range from a paired linear, first order, uncoupled plant to a nonlinear,

high order, multi-input, multi-output plant.

The selection of a model is dependent upon the specifications of

the controller, primarily bandwidth and damping factor. Generally we need

not be overzealous in selecting a complex model if the specifications are

relatively loose. Additionally, until some form of system response data

has been obtained, it cannot be known in advance if the effort to obtain

the data will be warranted, given that a controller based on the simplest
*

model might suffice.

Since the specifications for control were loose, the controller based

on the simplest model, once "tuned" to the system, provided adequate con-

trolled response for all engine tests. This controller will be discussed

only briefly. Because this relatively complex dynamic system provided

the opportunity to apply some innovative digital compensation, a multi-

variable controller based on a nonlinear, high order, coupled model

As an aside: a substantial benefit of digital control is that to go from
a simple controller to a complex one requires only a change in software;
additionally, the computer enables one to obtain the system response data.
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was developed which would seek to obtain higher bandwidth and compensate

for the undesirable features of the dynomometer speed controller.

b. Control

In the analysis for the simple controller, the plant is trans

ferred from the linear, first order continuous model

K

s+a

E
(J-6)

to the discrete representation

T
e
(Z) K

E

e
t
(z) -aT (J-7)

Z-e

by means of the zero-order hold and Z transform. In the above, "a”

represents the plant time constant which will be only roughly estimated.

of torque and RPM . The analysis to find C(Z)
,

the digital compensation,

is most easily done in the Z plane. Note that system time constants

have not yet been determined and that all values will be rough estimates.

The break frequency for the digital torque filter is based on the know-

ledge that aliasing will occur in the torque measurement, yielding an

apparent subharmonic of the torque impulses which were to be filtered.

As the engine RPM varies, the apparent pulse frequency will vary from 0

to 5 Hz with a maximum amplitude of approximately 2 ft-lb. It was felt

that a digital filter with a 1 Hz break-frequency would be effective at

reducing the amplitude of the torque impulses as the subharmonic frequen-

cies of the dominant structural modes were all greater than 4 Hz (see

Fig. J-2

.

In Fig. J-7 the plant is represented by a single pole. It is con-

ceivable that the location of this pole could migrate as a function of

torque or RPM. Thus, in running tests to determine the appropriate loca-

tion for the compensation zero, the data must be taken as a function of

torque and RPM.

The gains K
hi

and K* are related by a constant and are both functions
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Figure j-8 shows the open loop pole/zero locations of the plant,

filter and compensation. A representative Z plane root locus based on

the simple model is illustrated in Fig. J-9. The reader should note

there is no scale with Fig. J-8 nor Fig. J-9, as they are intended to

generate a feeling for the dynamics rather than represent an analysis.

Fig. J-9

Z-Plane Root Locus for Simple
Controller (estimate for non-
linear system)

A FORTRAN program was written which accepted inputs of variable

loop gain and compensation zero location. Using this program the con-

troller was fine tuned at nine operating points to obtain the fastest

torque response to a step input while maintaining an equivalent minimum

damping ratio of 0.3 for small 10 ft-lb) steps. It was found that a

constant compensation zero location was adequate over the entire range

while a look-up table of loop gains was necessary.

The actual speed of response of the controller depended to some

extent on the operating point but typical was a 15-20 sec rise-time

to a step. Loop gains which might lead to faster response either created

a totally unstable response to steps of greater than 10 ft-lb or would

not settle out in steady state. Using this controller in the torque loop,

control of RPM was left completely to the analog speed controller, with

the computer issuing static speed commands. Commands for slower speed

were responded to rapidly with a large increase of field voltage.
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Commands for higher speeds were slow: as the field was removed, measured

torque goes to windage level and the engine slowly increases in speed.

To complete this controller and enable an operator to issue large torque

and RPM commands, a subroutine was implemented which converted step

inputs from the terminal into ramp commands, with limiting slope, for the

controller

.

The final form of the torque control was:

C(Z)

P . (Z-.9)
GAIN
(Z-l) (J-8)

yielding a control algorithm of

CONT = CONT + GAIN* (1 ,1*ERR0R - OERROR)

where "CONT" is the control output (throttle position in degrees), "ERROR"

is the present measured error (torque in ft-lb), and "OERROR" is the

past error. The look-up table used for the gain compensation is shown

in Table J-l.

TORQUE (ft-lb)

0 20 30 50 70 90

nu

i non

.0413 .0596 .0456 .0304 .0304 .0304

JLUUvJ

RPM
.0388 .0456 .0337 .0456 .0517 .0775

ljUU
.0272 .0310 .0408 .0470 .0517 .0775

zuuu
.0155 .0235 .0250 .0258 .0554 .0775

TABLE J. 1 Look-up Table for Nonlinear Gain Compensation.
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6. Multivariable Controller

a . Theory

To improve the speed response while increasing the system

stability it was necessary to study in greater detail the dynamic coupling

of the torque and RPM loops. Additionally, greater effort was to be made

in compensating for the system nonlinearities while improving the "large

step" response of the speed controller.

A model of the open-loop, coupled system is shown in Fig. J-10.

This model displays the relative dynamic interaction of the system compon-

ents based solely on known physical interconnections, but assumes no

knowledge of time constants, delay times or feed forward gains.

Conceivably a somplete linear multivariable controller with

state feedback, which would decouple the torque and RPM modes, could be

constructed if an adequate linear model, as a function of operating point,

could be generated over the entire operating range. In this controller,

the dynomometer speed controller is viewed as a servo, much the same as

the throttle servo.

Certain hardware limitations and system nonlinearities prevent

the implementation of a linear, multivariable controller with state feed-

back from a practical standpoint:

1. The RPM command input to the speed controller was limited to an

incremental resolution of 10 RPM. Depending on the operating

point, a step of +10 RPM could result in a measured torque

"impulse" of 30-60 ft-lb. Time modulation of the RPM command

input would reduce this effect, but would be costly in CPU time.

2. Storage of the state transition and control gain matrices as a

function of torque and RPM would require matrices of 4 and 3

dimensions respectively to attempt linearization about appro-

priately spaced operating points. Given the real complexities

and dubious results, this procedure seemed ill-advised.
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What remains useful for control are the following:

Vs) = V s ’ /Vm
0

CDm (J. 9)

RFVs) = Hj (s) e
c
(s) (J. 10)

RPIt (s) = V s) • RPM (s)
c

(J. ID

The control objective is now to find H (s)
,

H (s)
,
and H (s)

,
and to

construct three linearized controllers which can be- superposed to

approximate a linear multivariable controller. The controller will

minimize undesirable coupling of system modes while increasing damping

and bandwidth. The objective is left general in that the real objective

was to determine to what degree both damping and bandwidth could be

increased while consuming a minimum of CPU time.

b. Control Analysis: Step and Frequency Response

Using the open-loop system of Fig. J-10, a sinewave was injected

onto a constant throttle setting, 9 . The sinewave was synthesized in

software and added to 0
c

. The torque response, T^(s)
,

was recorded

on a strip chart recorder and the test was repeated for a range of

operating points, thereby generating the necessary frequency response

data

.

Tests for the response of T „(s) vs 0 (s) were made at lowMe
power (1400 RPM and 25 ft-lb)

,
and at high power (2000 RPM and 65 ft-lb) .

The delay time taken from step response tests, was the same for each,

T = 0.5 sec. The delay was modeled by the bilinear, Pade approximation:

(1-TS)
(1+TS)

The magnitude portion of the frequency response yielded, in the

low power case:

7.54
2 *

(s +0 .583s + 0.973)
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and in the high power case:

4.61

(s + 0 .5s + 1 .5s)

Thus, with delay:

Ms) I

E 1 Low Power
-7 . 54 (s-2)

(s + 0.583s + 0.973) (s+2)
(J. 12)

V s)
l High Power

-4 .61 (s-2)

(s + 0.5s + 1.54)(s+2)
(J. 13)

Each of these transfer functions was transformed to the Z plane

by the zero-order-hold, Z-transform:

H(Z) ¥>{“?} (J. 14)

Applying partial fraction expansion to reduce each of the s-plane

transfer functions to sums of lower order elements, and a table of common

Z-transforms
,
the following Z-plane transfer functions were obtained.

(Normalized with respect to K )
Ij

Mz), tE ' Low Power

-0 ,0053K^(Z-1 .2175) ( Z+.8604)

(Z- .8187) (Z
2
-l . 9342Z+ .9434)

(J. 15)

H ( 7)
E v ‘High Power

-0 .0066K^(Z-1 .210) (Z+ .884)

(Z- .8187) (Z
2
-l .93642+ .9512)

(J. 16)

Because the two resulting Z plane transfer functions were so

similar, only one of them was used as the basis for compensation analysis.
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Figure J-12 shows the completed root-locus used for the compensation

analysis

.

PLANT: h
e
(Z)

-0 .0053K (Z-l .2175) (Z+ .86)
E

(Z- .8187) (Z
2
-l .9342+ .7434)

( J. 17)

FILTER: F(Z)
0 .5Z

Z-0.5
(J. 18)

CONTROL

:

C(Z)
K (Z-0 .6)

2
(Z- .7)

c

(Z-.5)(Z-.91)(Z-l)
(J. 19)

H (Z) is represented having a negative feed forward gain. This is a
h

result of the non-minimum phase element used to model the delay. To

stabilize this system using root-locus methods, the 360° locus is

required. Thus, the reader should note this fact in reading Fig. J-12.

The gain was chosen such that the closed-loop roots could be near the

point where the loci meet and depart. Certainly, that the loci actually

meet and depart, or deflect within some given range, as shown in Fig.

J-ll, is academic. The intent is that the closed loop roots will remain

within a desired minimum area for the expected shift of the open loop

poles, zeroes and loop gain, over the range of operation.

In determination of RPM.„(s) vs 0 (s)
,

both the analog speed con-
M c

troller and the torque control loop discussed above, were active. A

block diagram of the system is shown in Fig. J-12.

The frequency response test was made at a variety of operating

points over the complete operating range and for various values of torque

loop gain. Generally, the response changed little over the operating

range, and more significantly for various values of torque loop gain. It

is important to note the two different sample periods used: t = 0.1 sec

for the torque loop, and t = 0.5 sec (result of tachometer update

rate) for RIM loop.

The response of RPM^ to ©
c

was most pronounced with PGAIN = 5

(where PGAIN is the total torque loop gain in units of DEG Throttle/f t-lb

Torque)
,
and so this value of torque loop gain was used in the following

analysis

.
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Fig. J-12 System Used to Find Frequency Response of RPM^ vs 9
c
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It is of interest to note that the zero gain at DC (free differentiator)

in the RPM response confirms the presence of integral control in the

speed controller, but because of this it is impossible to determine the

feed forward gain of the resulting transfer function. Thus, the final

loop gain to be used will be determined empirically as actual response

begins to match analytical data.

The step response tests showed a delay of x = 1.5 seconds. This

behavior was modeled with the following bilinear Pade approximation.

(s-1.33)
(s+1 .33)

The gain response of the system yielded

(J.20)

(J. 21

)

(s+,57) (s +.75+. 77)

resulting in

H(s)
—s (s— 1 .33)

(s+ .57) (s+1 .33) (s +.75+. 77)
(J. 22)

Again using the zero-order-hold, Z- transform method of transformation

to the Z plane, H(s) became

H(z)
-0 ,05743( Z-l) ( Z-l .963) ( Z<- .568)

( Z- .752) ( Z- .514) ( Z
2
-l .5462+ .705)

(J. 23)

t = 0.5 was used as the sample period or conversion time base.

As was seen in the torque loop analysis, the delay period led to a

non-minimum phase transfer function in both the continuous and discrete

transfer functions, and, as before, a 360° root locus was necessary to

achieve stability. The root locus from the final compensation analysis

is shown in Fig. J-13. The final compensation used was:
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C(z) ( J. 24)

K (z-.35)(Z-.514)(z-.752)
c

(Z-.04)
2
(Z-.l)

/

The control design intended tha t the closed-loop roots be located in the

area of meeting/departure points of the loci. When the system is tested,

the loop gain is to be increased until the expected behavior results.

c. Additional Nonlinear and Linear Compensation Required

Several solutions to the nonlinearities of the system defy

analysis, falling into a class of empirical solutions. Mentioned earlier

was the problem of speed controller "drop-out" when the field voltage

went to zero, and went to the windage value for the present speed.

The cure was to ensure that the field voltage never went to zero. A

simple, approximate function of windage torque vs RPM was used (see

Fig. J-4) as a minimum value for T , and when T fell below this& M ’ M
value, the throttle was opened in increments until T exceeded the

M
minimum value.

As mentioned previously, the extremely high gain of the speed

controller was desirable in recovering from disturbances, but was

unacceptable in its step response to steps greater than 100 RPM. To make

use of the first result and diminish the negative effect of the latter

engine speed was effectively controlled by the throttle, using the speed

controller merely as a final trim to obtain zero state speed error. This

was accomplished by implementation of the multivariable controller and

by delaying the issuance of RPM commands to the speed controller by

1.5 sec.

As a result of the significant lead compensation used on both

the torque and RPM controllers, there was a tendency to overreact ini-

tially to step commands. While this was a stable response, it was

clearly unacceptable. As a remedy, input prefilters were used for both

controllers as shown in Fig. j-14.

J-26



r
TORQUE
PREFILTER

1

L
Fig. J-14 Controller Input Prefilters (Software Synthesis)

d. Controlled Response of Multivariable Controller

The following figures show the torque and RPM responses for step

inputs to the controller. The traces were obtained by a multichannel

strip chart recorder. The torque trace was obtained directly from the

boosted output of the loadcell amplifier which was also being read by

the A/D converter. The RPM trace was obtained through the computer with

scaling and zero suppression, and output through the D/A converter.

The series, Figs. J-15 to J-18 show the medium power response

of the controller to RPM step commands of + 100 RPM
,
+ 200 RPM, + 400 RFM

and + 600 RPM respectively. In studying these traces, it must be remem-

bered that dynomometer torque is the control input used by the analog

speed controller, thus, to increase speed the analog speed controller

reduces dynomometer torque and vice versa. In Fig. J-15 when the step

command is received the throttle opens, while the speed controller re-

duces the dynomometer torque, resulting in the initial dip in torque.
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Fig. J-15 Medium Power RPM Step Response

a) + 100 RPM Step

b) - 100 RPM Step

Fig. J-16 Medium Power RPM Step Response
a) +200 RPM Step

b) - 200 RPM Step
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Fig. j—17 Medium Power RPM Step Response
a) + 400 RPM Step
b) - 400 RPM Step

Fig. j-18 Medium Power RPM Step Response
a) + 600 RPM Step
b) - 600 RPM Step
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Fig. J-19 High Power RPM Step Response
a) + 400 RPM Step
b) - 400 RPM Step

Fig. J-20 Medium Power Torque Step Response
+ 25 ft/lb Step
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Fig. J-21 Medium Power Torque Step Response
- 35 ft/lb Step

Fig. J-22 High Power Torque Step Response
a) + 20 ft/lb Step
b) - 30 ft/lb Step
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As the RF5V1 begins to overshoot, the torque correction goes positive. In

Fig. j_i6 the torque dip and peak became more pronounced. In Figs, j-17

and J-18 the response is substantially nonlinear. The RFM appears to

have reached a slew rate limit while the measured torque has been reduced

to the windage torque value. Note the pulses on the torque measurement

at the windage value. These are the result of the analog speed controller

"drop-out: compensation discussed in the section on Additional Nonlinear

Compensation. It may be seen that the speed controller does not saturate

and that the torque rises immediately to correct the overshoot.

Figure J-19 gives the response for the high power response to

+ 400 RPM step commands. The result is again very nonlinear, yet stable.

Figures J-20 through j-22 display the multivariable controller

response to torque step commands. Generally these figures show the very

highly damped response of the system to torque commands. The system

behavior for any torque step in an operating envelope defined roughly by

20 ft-lb <; Torque <; 80 ft-lb, 1000 <; RPM ^ 2500 and 0.016*RPM <; Torque <;

0.045*RPM, remained quite stable and similar to that of Fig. J-20 through

Fig. J-22.
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7. Conclusion

As stated in general terms it was an objective of this work to

attempt to increase the bandwidth and damping factor of the system while

minimizing computer time and storage dedicated to control. Actual

improvement factors are elusive due to system nonlinearities. Compari-

sons of the simple controller using ramped inputs for large

and the multivariable controller give the following:

TYPE OF
Simple

CONTROLLER
Multivariable

RPM
600

Step Response
RPM step

(Ramped Inputs) (Pure step input)

a) settling time 1 min 20 sec

b) rise time 1 min 10 sec

c) damping factor
equivalent 2nd
system

.

for
order

0.05-0.2 0.3-0 .8

Torque Step Response
50 ft-lb step

a) settling time 50 sec 10-15 sec

b) rise time 50 sec 10 sec

c) damping factor
equivalent 2nd

for

order system
0.3 - 0.5 0.3-0.

7

3. CPU Storage: ~ factor of 1.5 increase for multivariable controller.

4. CPU Time: ~ factor of 1.25 increase for multivariable controller.

It is believed that the next escalation in controller complexity,

using full state feedback, would result in a significant increase in

computer time and storage when compared to the multivariable controller

described above.



II. SERVO APPLICATION OF A MICROPROCESSOR-BASED STEPPER MOTOR CONTROLLER

1. Introduction
/

Frequently in industrial control problems rectilinear and angular

positioning elements constitute the necessary output. In systems which

use a digital computer as the central logic element, it is convenient,

while not necessary, to use a digital servo.

Stepper motors, being incremental motion devices, are inherently

suited to function with digital systems. A characteristic unique to

stepper motors is that they may be reliably operated in an open-loop

servo mode as well as the more common closed-loop mode. This inherent

capability of the stepper motor is discussed in the open literature

[p-2
,

F-2 ] and in the sales literature supplied by the various

stepper motor manufacturers. It is a result of the finite number of

magnetically detented positions available in the motor. In a servo

application, elimination of the position feedback loop is a desirable

simplification resulting^ in a substantial decrease in hardware and

accompanying sensor alignment problems. But, open-loop control is not

always possible: a microprocessor servo which adapts to wide variations

in load by the use of position feedback around a stepper motor is

discussed by Hunts, et al.
, [h-5].

The following system description discusses the hardware and soft-

ware of an open-loop angular position servo, with a brief mention of

possible modifications which can serve to generalize it to a wider

variety of industrial applications. This development is an outgrowth

of an academic effort on the part of the authors to maximize the use of

software, exploiting the inherent value of the microprocessor in a

control system application.
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Conceptual servo flow chart

Fig. J-23
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2. Tutorial

Figure J-23 is a flow diagram of the essential servo logic. READ

requires the input and storing of a binary or BCD word, P^ , represent-

ing the commanded position, whose bit size is compatible with the

required position range. DIFF is the differencing of P , a stored
P

word which represents the present shaft position, with P^. If the

result is zero, we are there, if not, test for positive difference.

If positive, command one positive step and increment P^, otherwise

command one negative step and decrement P . All electromechanical

dynamics are compensated by the WAIT loop.

Stepper motors are available in a variety of step resolutions,

e.g., 24 step/rev, 200 step/rev, 1000 step/rev, etc., maximum holding

torques, rotor inertias, winding resistances and inductances. Several

stepper motor manufacturers can supply a range of driver circuits matched

to their motors, or the user may choose to design and build his own.

The circuit (Fig. J-24 can be a simple series resistance, current

limiting circuit from which one applies the motor ratings and a desired

current rise time to determine the remaining circuit values. Neglect-

ing back emf
,
the current obeys the simple exponential relation:

from which the following are obtained

V = I (R + R)
max m (J.26)

L
m

x =
r R + R

m
( J. 27)

Fig. J-24 A stepper motor driver circuit.
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Equally important is the current fall time which is controlled

by the addition of a voltage limiter to the above circuit. Actually the

switch is a solid state switch (transistor) which has a limiting open-

circuit voltage (Vceo). The following equations apply:

L
T = -
f R + R + R

m r

V = I (R+R )
s,max max r

We can achieve easily by making R^ > 0, subject

V < Vceo.
s ,max

Fig. J-25 A Driver Circuit with Voltage Limiting

( J. 28)

(J. 29)

to
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is chosen as smallIn systems requiring high stepping rates, L

possible for the given torque requirement. Once L is known, R
m

(typically a power resistor) is chosen to achieve the desired rise

time and V is then chosen to obtain the steady state current. In

circuits requiring fast rise times, V and R will be large and a

great deal of heat will be dissipated in the series resistor R. To

avoid this, slightly more complex circuits, e.g., bi-level and chopper,

are a wise choice.

For the four phase stepper motor, Fig. J-26 shows the required

current phasing in the motor windings for full steps and half steps.

A DC level of current in one or more windings creates a significant

holding torque at one position. The order in which windings are

activated determines the direction of rotation.

The foregoing is offered merely as an introduction. Obviously,

there is great room for creativity to efficiently achieve the desired

result

.

3. Servo Hardware Development

Once the servo functions are defined the major decision to be

made is the trade-off between hardware and software. This is deter-

mined by the designer's relative skill level in each of these areas,

development time available for design iterations, reliability require-

ments and flexibility desired for future modifications.

In its present application, the servo is the throttle actuator

in an automated engine test system located in the Engine Laboratory

of the Mechanical Engineering Department of Stanford University.

During operation, it is necessary to precisely control engine torque

and RPM while a variety of engine data are automatically sampled. A

NOVA minicomputer is used as the master control and data acquisition

computer

A desire to reduce the deadband oscillation in final engine torque

output lead to a stringent angular resolution requirement.
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PHASE

POSITION

A B c D

1 1 0 1 0

2 1 0 0 1

3 0 1 0 1

4 0 1 1 0

1 1 0 1 0

(a) FULL STEP

POSITION

PHASE

A B c D

1 1 0 1 0

2 1 0 0 0

3 1 0 0 1

4 0 0 0 1

5 0 1 0 1

6 0 1 0 0

7 0 1 1 0

8 0 0 1 0

1 1 0 1 0

(b) HALF-STEP

Fig. J-26 Stepper Motor Truth Tables of a Four-Phase Motor

The speed/resolution trade-off was made by selecting a 200 step/sec

motor; incorporating a 20:1 anti-backlash, reduction gear; designing

driver circuits for a low torque maximum speed of 2,000 step/sec and
2

acceleration rate of 10,000-15,000 step/sec , yielding (with half steps

available) a resolution of 0.045 degrees at the throttle and less than

1 sec for full throttle travel (80 degrees).

The position storage requirement came from the resolution a nd

travel specifications, thus:

Storage = 80 deg. travel/(0.09 deg. per step)

= 889 steps 10 bits

Additional half steps + 1 bit
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Position storage with half steps required 11 bits, which in

turn required 11 bits of input data. Output requirements included

4 BCD digits (16 bits) and four bits for motor step control. (Actually,
I

8 bits were used for motor step control as will be seen later.

)

There is now enough information to design the system hardware.

Figure J-27 is the essential system block diagram. The simple design

(or with minor variations) might conceivably be used for a wide

variety of applications. As will become more evident, it is the soft-

ware and the interface which give this collection of hardware its

unique personality, making it a position servo.

The Z-80 microprocessor was used by default because the develop-

ment system which was available (Cromemco Zl) was applicable to the

Z-80. With its speed and large number of internal registers, the

Z-80 became also a fortunate choice at the time of this development

(July 1977). By the end of the software development period a full

Ik-bytes of PROM was required for program storage. Each I/O port was

a single chip, 8 bit register and tristate outputs and internal con-

trol logic.

8

Fig. J-27 Essential Microprocessor Hardware
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The input to this simple hardware from the world outside was very

function dependent: (note bO = LSB)

Position Input Data 10 bits I

I

port
port

1:

2:

b0-b7
bO-bl

IDLE LIMIT bypass 1 bit I port 2: b2

HALF STEP 1 bit I port 2 : b3

CLOSED LIMIT Switch 1 bit I port 2: b4

IDLE LIMIT switch 1 bit I port 2: b5

OPEN LIMIT switch 1 bit I port 2: b6

IGNITION OFF 1 bit I port 2: b7

Position limit switches were used at the carburetor as an indica-

tion of throttle open and closed limits plus an idle limit position.

The mechanical idle stop was removed in favor of a software idle

limit which may be bypassed if desired. The limit switches were

used as reference positions to initialize the servo at start-up and

also as software stops to prevent over travel.

There was also an IGNITION ON indication. This was used to

prevent movement of the throttle at power-on of the servo, in the event

that the ignition was on (engine running).

The only unique quality of the driver circuits was a high and

low current level capability. Because the holding torque requirement

was minimal, the holding current and consequently power, may be greatly

reduced. This reduced heat dissipation in t he driver circuits and heat

build-up in the motor. Figure J-28 shows the simple interface of units

output port, driver circuits and motor, as well as the convenient use

of all 8 bits to achieve the lower holding current.
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Fig. J-28 Driver Circuit Interface

Fig. J-29 Position and Velocity for Accelerating Motor
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4. Software

Figure J-29 shows an abbreviated version of the flow diagram of

the servo indexing routine. Upon completion of this routing (approxi-

matelty 10 sec) the servo position is known relative to a closed refer-

ence position; all limit switches have been tested; the throttle has

been tested for binding and clutch slippage; and the motor is in low

power hold, having entered the main stepping routing, ready for normal

input commands. During indexing, output codes are displayed (and sent

to the NOVA) to aid the operator in diagnosing possible troubles.

Before discussing the details of the main stepping routine, a

brief discussion of the logic necessary to accelerate the motor is

required. One should be very careful to note that due to the discrete-

time nature of the issuance of step commands, determination of step

timing during acceleration or decelleration is not as simple as gener-

ating a linear frequency ramp. The frequency may be incremented only

at unique instants and by finite amounts. In effect, position, not

time, is the independent variable.

In the plot of position vs. time in Fig. J-29 the dots represent

the step positions, the dashed line is the hypothetical shaft position

and the solid line represents a more probable behavior displaying the

oscillatory response of the motor shaft to slewing commands. In the

plot of velocity vs. time, the solid lines represent the final velocity

levels and the dotted line represents an average velocity during each

time interval. From the above, the following expression may be derived

for the determination of the delay interval (T^_|_^) based on the pre-

vious interval (T^) and the step-wise acceleration (a).

• 2
a = stepwise acceleration (step/sec )

V = stepwise velocity (step/sec)
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1
( J. 30)

thus solving:

3_

T tr t o

v
i +i T

i+1
t
2

t
l

( J. 31

)

1 1
V. -V. = — = aT

. ,l+l i T . T
.

x +1
i+l i

(J. 32)

i+l

-l+^/l+4a(T
;

.)'

2aT

,

( J. 33)

These delay times would suffice for the loop times in the main

stepping routine were it not for the finite cycle time of the Z-80.

The CPU was driven at its maximum rate of 4MHz using a crystal oscilla-

tor. Additionally, at the time of the design, the lowest access time

of any available PROM was 450 ns. Timing requirements of the Z-80,

thus, required one additional clock cycle on each memory read cycle to

ensure reliable data. The step timing delay was implemented by a two

instruction loop:

TIME: INC A ;
4+1 clock cycles

JP NZ ,TIME ; 10+3 clock cycles

where the accumulator, A, was initialized by a predetermined value

and incremented until overflow occurred. The INC instruction required

4 cycles and 1 memory read cycle. The JP instruction required 10

cycles and 3 memory read cycles. Thus, a total of 18 clock cycles of

4.5 psec were needed to execute the loop. The final result was that

the smallest elemental change in delay timing was 4.5 psec.

Examples of the impact of this finite delay time on the stepwise

acceleration are:
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Initialize Switch Codes

Clear Subroutine Flags

I
Display Code 99.XX

No Display

99.95

Disable 1 gn. : O-Port 3 'F'
*

L,
.

Wait 4.5 ms1
Limit Switch

High?

Xfi

No Close One
Step

Load Zero in BCD
and Binary Counters

X
Display Position

T
Open

Limit Switch
High?,

No

J*~~i
Wait 4.5 ms

Open One
Step

Fig. j-30 Flow Chart of Servo Indexing Routine
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step rate = 2000 step/sec

T = 500 psec
2

yields: a = 36,337 step/sec

step rate = 1500 step/sec

T = 667 psec
2

yields: a = 15,291 step/sec

step rate = 1000 step/sec

T = 1000 psec

yields: a = 4,520 step/sec

A FORTRAN program was written which made use of equation ( J. 33) .

.

Starting from a desired acceleration rate, initial step time, and main

stepping routine execute time, it generated the stored values for the

loop count, based on the 4.5 psec interval, which would preclude an

acceleration rate more than 10
°J0

above the desired value.

Figure J-31 is a portion of the three dimentional state diagram

representing the structure of the states of the motor at unique instants

of time. Represented are displacement and its first two discrete time

derivatives.

Acceleration (A) is limited to three states. It has a magnitude

of zero or the full value of acceleration in either direction. The

sign of the acceleration is not that of the actual motor shaft angular

acceleration but rather:

where Ct = motor shaft angular acceleration and u) = motor shaft angular

velocity.

Acceleration is represented in the main stepping routine by two

bits of one register:

sgn(A) = sgn(a) - sgn(co) ( J. 34)

bl bO

A
A

A

-1

0

+1

1

0

0

0

0

1
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Fig. J-31 Three-dimensional State Diagram

Acceleration implies that for the next step the wait state will

move to the succeedingly shorter or longer delay period corresponding

to positive or negative acceleration respectively. To avoid a double

value of acceleration, "A" is not allowed to go from +1 to -1, or

vice-versa, without going through the zero value for at least one step

period

.

Shaft direction is stored independently as a distinct, one bit

value.

5. Main Stepping Routine

A condensed flow diagram of the main stepping routine is shown in

Fig. J-32 and is briefly explained here.

Position Read: Input data is stored in two bytes, read consecu-

tively. The servo reads data asynchronously through its interface,

thus it is conceivable that data may change during a read operation.

To avoid the possibility of spurious data, input data is read twice,

compared, and read again if they do not compare.
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Limit Switches: A series of checks are made of the limit switches

to prevent motor over-travel. The IDLE LIMIT switch is checked as

well as the IDLE LIMIT ENABLE bit to create the software idle stop.

Subtract : A Desired Direction Flag (DDF) is set as a result of

the value of "DIF." "a" is determined from "DIF
,f

and the value of the

present wait-state "WS. " Acceleration is always based on new informa-

tion. Because a finite time is involved in a transit between two

positions, it is possible for the commanded position to change prior

to completing a move. The servo can readily accept a command on any

cycle through the main stepping routine which will take it from any

state defined generally by position, "WS," and
n
A

,

” to a state defined

by position, with "WS" and "A" both equal to zero.

Half-Step: All stepping is accomplished by motor full steps.

To double the position resolution, one motor half-step may or may not

be added at the end of a move.

Direction: When "WS" is zero, Present Direction (PD) is equated

to "DDF"
,
thus this is the only time a direction change is effected.

Timing: The total loop time is composed of the execution time of

the main stepping routine and the added, variable period controlled by

"WS," as discussed earlier. This poses a strict timing constraint on

the entire program, requiring that all paths through the program be of

exactly the same number of clock cycles.

Subroutines: The subroutine call instructions of the Z-80 require

the existence of RAM. It would have been impossible to confine the

total program to IK bytes of PROM without some semblance of subroutines.

Three frequently used subroutines were simulated. When a call is made,

a register bit is set which will be decoded by the called subroutine

and associated with a unique return address. The bit is reset upon

return. This technique possesses the program advantages of the Z-80

subroutine call but not its ease of use. Here the programmer is

required to ensure proper decoding of the return address.
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Fig. J-32

Flow Chart of Main Step
ping Routine.
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6. Generalizations

The above design was optimized for the intended application.

It was speed limited by the combination of the storage available for
\

the wait period data in the IK PROM, and the discrete time element of

4.5 psec available to create the delay periods. It was acceleration

limited by the design of the motor drivers. It was position limited

by the availability of internal registers and the lack of external RAM.

The maximum stepping rate limited by storage is 1,273 step/sec.
2

with a maximum momentary acceleration of 10,949 step/sec . If the'

storage limitation were eliminated the maximum stepping rate would
2

increase to 1,351 step/sec with an acceleration of 11,027 step/sec .

Redesigning the driver circuits for higher acceleration would yield

slightly higher maximum stepping rates, e.g.
,
for an acceleration of

2
20,000 step/sec the maximum stepping rate would be only 1,652 step/sec.

In systems requiring higher stepping rates, the discrete time

element could be reduced to 1.25 psec by using an external timer to

generate a nonmaskable interrupt (NMI) after a HALT instruction when the

delay time had elapsed. This would additionally eliminate the strict

timing requirement on the main stepping routine. Increasingly shorter

discrete time elements may be generated by using an external high

frequency timer and external motor phasing logic to command the motor

drivers, leaving the remaining tasks to the software.
16

To extend the servo position availability beyond 2 bytes (2 posi-

tions) would require compromises in the use of the internal registers

of the addition of external RAM as well as an additional input port or

input multiplexing.

7. Conclusion

Hopefully the reader will agree that for a variety of applications

the servo hardware can remain minimal and quite simple. Replacement

of the microprocessor by MSI and SSI components would significantly

increase chip count while replacing only the essential functions.

Reliability and flexibility, as well as increased minor functions leading

to the SMART controller, are the motivating reasons to choose software

over hardware.
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APPENDIX K

REPORT OF NEW TECHNOLOGY

No patents on inventions or applications for patent rights resulted

from this work. However, new technologies are an outcome and are

summarized in the conclusions (Chapter 6).
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